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ABSTRACT 
Flavocytocbrome c from the Gram-negative bacterium Shewanella putrefaciens is a 
soluble, periplasmic fumarate reductase induced under anaerobic conditions. 
In order to study this protein the entire structural gene was cloned and sequenced, 
along with some surrounding sequence. Analysis of the cloned gene indicates that 
flavocytochrome c consists of 571 amino acids preceded by a putative periplasmic 
signal sequence of 25 amino acids. Flavocytocbrome c appears to consist of two 
domains: 
-a cytochrome domain consisting of approximately the first 117 amino acids 
containing the four c-type haem binding motifs (CxxCH), which shows some 
similarity to a tetrahaem cytochrome from the purple phototrophic 
bacterium H-1-R 
-a flavin domain comprising the remainder of the protein which shows 
significant similarity to the flavoprotein subunits of the family containing 
fumarate reductases and succinate dehydrogenases from other organisms. For 
example, it shows 26% identity to the flavoprotein subunit of Escherichia coli 
fumarate reductase at the amino acid level, including all the active site 
residues which have been identified. 
Three additional open reading frames have been identified in the regions flanking the 
fcc gene. ORF2, is situated 400bp downstream offcc and reads in the same direction 
as the fcc gene. The deduced amino acid sequence of this open reading frame is 135 
amino acid residues in length and shows some limited sequence similarity to FrdD, 
one of the two subunits of E. coli fumarate reductase which serves to anchor the 
enzyme to the membrane and is involved in electron transport to the catalytic 
V 
domain. Since flavocytocbrome c is a soluble enzyme, the product of ORF2 does not 
appear to be a membrane anchor for this enzyme, however a role in electron transport 
to flavocytochrome c has not been ruled out. ORF 1 and ORF3 both read in the 
opposite direction from flavocytochrome c and neither is completely contained on the 
cloned fragment. Searching of the databases has revealed no apparent homologues for 
either of these reading frames. 
Kinetic analysis has been carried out on purified flavocytochrome c yielding steady-
state values for fumarate reduction (KM = 21 ± 10 M; kcat = 250 ± 50 s 1 ) and 
succinate oxidation (KM = 200 ± 60 tM; kcat  = 0.07 ± 0.005 s - i). Stopped-flow 
kinetic analysis, which follows the oxidation of the haems, gives a biphasic 
reaction consisting of a fast phase (K M = 6 ± 1 .iM; kcat  400 ± 20 s- i) and a slow 
phase (KM 2.5 ± 1 jtM; keat = 34 ± 3 s - i), each corresponding to the transfer of two 
electrons. Mesaconate has been identified as a competitive inhibitor with a K 1 of 1 t 
M. Studies following the change in kcat  for fumarate reduction with changing pH, 
indicate that the enzyme-substrate complex has pK a  values of 6.8 and 8.1. These are 
probably due to histidines acting as general acid and base catalysts in the reaction. 
The electronic absorption spectra are typical of a low spin c-type cytochrome with an 
cc-peak at 552 run. The absorbance due to the flavin is not readily detectable since it is 
masked by the much greater absorbance due to the four haems. Magnetic circular 
dichroism shows that the haems are typical low-spin Fe(III) and are probably all bis-
his coordinated. Electron paramagnetic resonance shows a 1:1 ratio of two different 
types of haem, one type with g values of 2.94, 2.27 and 1.51 and the other with a g 
value of 3.58. This corresponds with evidence from redox potentials of -220 and -320 
mV indicating that the haems fall into two pairs. Proton nuclear magnetic resonance 
allows peaks to be assigned to eleven haem methyls in the region highly shifted by the 
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1.1 Microbiology of Shewanella putrefaciens 
Shewanella putrefaciens is a Gram-negative, non-fermenting, facultative 
anaerobe. It is psychrotrophic and able to produce hydrogen sulphide. Hydrogen 
sulphide producing pseudomonads were first isolated from tainted butter by Derby and 
Hammer (1931) who named them Achromobacter putrefaciens, but they were 
transferred to the genus Pseudornonas as Ps. putrefaciens by Long and Hammer 
(1941). Identification of the low G + C content of the DNA of this species (43 - 48 
mol % ; Bauman et al, 1972) led to yet another reclassification, this time to the genus 
Alteromonas (Lee et a!, 1977), but van Landshoot & DeLey (1983) demonstrated that 
there was sufficient heterogeneity between A. putrefaciens and other Alteromonas 
species to give A. putrefaciens the status of a separate genus. MacDonall and Colwell 
(1985) later designated A. putrefaciens to the new genus of Shewanella. 
This repeated reclassification of the organism now known as Shewanella 
putrefaciens highlights one of the major problems with the taxonomy of bacteria where 
the degrees of divergence between organisms can vary hugely. For this reason much 
more emphasis has now been placed on the sequence similarities of the 16S rRNA 
molecules between organisms in order to classify them. The 16S rRNA of Shewanella 
putrefaciens has been partially sequenced (Kita-Tsukomoto et a!, 1993) and the 
relationship of this bacterium to other species is shown in the form of a dendrogram 
(Fig. 1.1). This shows that S. putrefaciens is distinct from other genera on the basis of 
its rRNA sequence. The dendrogram also highlights the possibility of genera being 
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Figure 1.1: Phylogenetic tree based on the rRNA sequences from 50 strains of marine bacteria showing their relationships 
to S. puirefaciens. Strains beginiiig with a V are Vibrio species, L are Listonella, A are Aeromonas, M are Marinoinonas, P 
are Pseudouwnas, and S/ieu'anella J)itrefacieIis is boxedi Adapted from Kita-Tsukamoto el al, 1993. 
when the rRNA seems to indicate a wide divergence, for example Vibrio marinus is 
more closely related to S. putrefaciens than to other Vthrio species. 
S. putrefaciens has been isolated from a wide range of habitats including 
marine and fresh water, crude oil, fish, meat, and clinical sources (Pickard et a!, 1993; 
Stenstrom & Molin, 1990; Molin & Ternstrom, 1982; Obuekwe et a!, 1981; Richard, 
1977). One of the major reasons that this organism can occupy such a variety of niches 
is its ability to respire both aerobically and anaerobically on an extraordinarily wide 
range of terminal electron acceptors. To date the identified terminal electron acceptors 
shown to support growth of S. putrefaciens strains are oxygen, nitrate, nitrite, 
fumarate, TMAO, DMSO, sulphate, thiosulphite, sulphur, Felli and MnIV (Myers & 
Nealson, 1988, 1990; Obuekwe & Westlake, 1982a,b; Obuekwe eta!, 1981). 
In order to understand how S. putrefaciens accomplishes this it is necessary to 
look at how bacterial aerobic and anaerobic respiratory chains are coupled to energy 
conservation in the form of a protonmotive force which can then be used to drive the 
synthesis of ATP as well as other energy requiring actions such as flagella motion or 
the active transport of metabolites or ions. 
1.2 The Chemiosmotic Theory 
The chemiosmotic theory was proposed by Mitchell (1961, 1966; Nicholls & 
Ferguson, 1990) to explain the coupling of electron transport to the synthesis of ATP 
and other energy-requiring functions such as substrate transport across the cytoplasmic 
membrane or flagella motion. A number of factors are necessary to the functioning of 
this theory: 
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Figure 1.2: The coupling of electron transport to the synthesis of ATP. Electron transport in the respiratory chain 
leads to the build-up of a protonmotive force by the translocation of protons to the intermembrane space (IMS)in 
mitochondria or the periplasm in bacteria. The synthesis of ATP is driven by the energetically favourable re-entry 
of the protons through the channel of the ATP synthase. 
A closed, relatively proton-impermeable membrane 
A proton-translocating electron-transport chain 
A proton-translocating ATP synthase 
Membrane carrier systems to control the movement of ions or metabolites across the 
membrane 
Protons are translocated from the cytoplasm to the periplasm (either pumped or 
differentially consumed and produced on either side of the membrane) leading to the 
creation of a proton motive force (öp), consisting of gradients of both pH (öpH) and 
electrical potential (ow)  across the membrane such that Op = - ZOpH (in mV), 
where Z = 2.303RTLF. This gradient drives the movement of protons back into the 
cell, either to facilitate the transport of metabolites and ions, or via the ATP synthase 
complex to drive the synthesis of ATP (Fig. 1.2). 
1.3 Aerobic Respiration 
Aerobic respiration generally involves the transfer of reducing equivalents from 
NADH to molecular oxygen and involves a large number of sequential redox reactions. 
Other reductants such as succinate feed reducing equivalents into the chain at a later 
stage since the redox span to oxygen is less. (See section 1.5 for a description of the 
mitochondrial respiratory chain). 
1.4 Anaerobiosis 
Under anaerobic conditions there is no molecular oxygen to act as the terminal 
electron acceptor, therefore an aerobic respiratory chain cannot function as a generator 
of proton-motive force, without which ATP cannot be synthesized by oxidative 
phosphorylation. The two alternatives utilized by different organisms to overcome this 
difficulty are: 
-to utilize substrate level phosphorylation i.e. fermentation 
-to utilize an alternative terminal electron acceptor i.e. anaerobic respiration 
Some organisms are able to employ only one or the other of these methods of 
anaerobic growth. For example the Clostridia are obligate fermenters whereas 
members of Shewanella are able to respire anaerobically but not to ferment. Some 
organisms (e.g. E. co/i) are able to employ either strategy according to the growth 
conditions. 
1.4.1 Fermentation 
Fermentation regenerates the NAD+  which is consumed during the glycolytic 
synthesis of ATP by substrate-level phosphorylation, and so maintains the redox 
balance. A wide range of different substrates can support growth by fermentation 
leading to the production of a relatively small number of products (Hamilton, 1988). 
Mixed acid fermentation is utilized by many bacteria including E. co/i (Fig. 1.3). NAD 
is regenerated by the reduction of pyruvate to lactate (Wood, 1961) or by the 
production of formate and acetyl-CoA by pyruvate-formate lyase. In the latter case, 
acetyl-CoA is further metabolized to acetate, producing ATP, or to ethanol, with 
regeneration of NAD (Brown et a/, 1977; Pascal et a!, 1982). Fermentation is 
reviewed comprehensively by Gottschalk (1986). 
1.4.2 Anaerobic Respiration 
In the absence of molecular oxygen, a fairly wide variety of alternative electron 
acceptors can be utilized by different organisms. For example, S. putrefaciens is able 
to use flimarate, nitrate, TMAO, Felli, MnIV and others as anaerobic terminal 
electron acceptors. In order to utilize an electron acceptor other than oxygen, an 


























Figure 1.3: Mixed-acid fermentation as carried out by E. coiL Enzymes are represented by underlined initials and 
are as follows: LDH, lactate dehydrogenase; PFL, pyruvate formate lyase; FDH, formate dehydrogenase; H, 
hydrogenase; ACDH, acetaldehyde dehydrogenase; ADH, alcohol dehydrogenase; PTA, phosphotransacetylase; 
ACK, acetate kinase. 
1.5 The Mitochondrial Respiratory Chain 
The mitochondrial respiratory chain is probably the most extensively studied 
aerobic respiratory chain. It consists of four membrane-bound complexes (I - IV), 
ubiquinone/ubiquinol and the peripheral protein cytochrome c (Fig. 1.4). 
1.5.1 Complex I: The NADH Dehydrogenase 
The majority of electrons enter the mitochondrial respiratory chain via complex 
I, the NADH dehydrogenase, which oxidizes the NADH formed during the TCA cycle 
by the soluble dehydrogenases, and transfers the electrons to ubiquinone. The bovine 
NADH dehydrogenase contains at least 41 different subunits (Walker, 1992), seven of 
Which are mitochondrially encoded, the rest being encoded in the nucleus. It contains 6 
- 8 iron-sulphur clusters and a single FMN which are involved in the transfer of 
electrons from NADH to ubiquinone. Proton translocation occurs at this point in the 
respiratory chain but the mechanism is not understood. This complex is reviewed in 
Weiss et al (1991). 
1.5.2 Complex H: The Succinate Dehydrogenase 
The TCA cycle enzyme succinate dehydrogenase also transfers electrons to 
ubiquinone, reducing it to ubiquinol. The enzyme is made up of four subunits and 
contains a single FAD and three iron sulphur centres as well as a b-type haem, and 
does not translocate protons. Succinate dehydrogenase is discussed further in section 
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Figure 1.4: The mitochondrial respiratory chain. Arrows represent the transfer of electrons. UQIUQH 2 represents 
ubiquinone and ubiquinol. 
1.5.3 Ubiquinone/Ubiquinol 
Ubiquinone is a substituted 1,4-benzoquinone with a poly-isoprenoid side 
chain. It can occur in three different redox states: fully oxidized (ubiquinone), partially 
reduced (ubisemiquinone) or filly reduced (ubiquinol) (Fig. 1.5). In mitochondria the 
side chain consists of 10 isoprene units and is therefore referred to as Q10 . It is 
hydrophobic and so is embedded in the mitochondrial inner membrane, where it serves 
to transfer electrons from the primary dehydrogenases to complex III (Jones, 1988). 
The mechanism of electron transfer and proton translocation believed to occur 
between ubiquinol and complex III is known as the Q-cycle and is reviewed in 
Trumpower (1990a & b). 
1.5.4 Complex ifi: The Ubiquinone-Cytochrome c Oxidoreductase 
Complex III, also known as the cytochrome bc 1 complex, transfers electrons 
between ubiquinol and cytochrome c. The bovine complex isolated from heart consists 
of 11 subunits, 3 of which contain redox centres (González-Halphen et al, 1988). The 
redox centres are two b-type haems (b H and bL),  an iron sulphur cluster and a c-type 
haem (Trumpower, 1990a & b). 
1.5.5 Cytochrome c 
Cytochrome c is a soluble protein associated with the outer surface of the 
mitochondrial inner membrane and contains a single high potential c-type haem. It is 
responsible for transfer of electrons from complex III to complex IV, and has been 
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Figure 1.5: The three possible redox states of ubiquinone. 
(a) fully oxidized, (b) partially reuced (one-electron reduction), (c) fully reduced 
(two-electron reduction). 
12 
1.5.6 Complex IV: The Cytochrome c Oxidase 
•Cytochrome c oxidase carries out the one-electron oxidation of cytochrome c 
and the four-electron reduction of molecular oxygen to water. The complex isolated 
from bovine heart consists of 13 subunits, three of which are produced in the 
mitochondrion, the other ten being nuclear encoded and cytoplasmically synthesized 
(Capaldi, 1990). The four redox centres of complex IV are two copper centres (Cu A 
and CUB)  and two a-type haems: haem a which is six-coordinate and haem a 3 which is 
five-coordinate (Eglington et al, 1980; Stevens & Chan, 1981). Hence this complex is 
often referred to as an aa 3-type oxidase. It is the final site of proton translocation 
associated with electron transfer in mitochondria, and is reviewed in Babcock & 
Wilkström (1992) 
1.6 The Respiratory Chain of Paracoccus denitrjficans 
Paracoccus denitrficans has a very similar aerobic repiratory chain to that 
found in mitochondria, containing all four complexes, ubiquinone/ubiquinol and a 
cytochrome c (Fig. 1.6). However, all of the complexes characterized from P. 
denitry'Icans have fewer polypeptide chains than their mitochondrial counterparts, so 
that the structure-function relationships are more easily identifiable (Page et a!, 1989). 
For example, the cytochrome c oxidase from P. denitr/Icans is an aa3 oxidase 
containing the same four redox centres as the mitochondrial complex (Ludwig & 
Schatz, 1980; Ludwig, 1987) but has only three polypeptide chains. However, it is 
fully functional both in electron transport and proton translocation (Solioz et a!, 1982; 
Hendler et al, 1991). The mitochondrial homologues of the three P. denitrficans 
subunits are those which are mitochondrially encoded. The ten nuclear-encoded 
subunits are thus apparently not necessary for electron transport, but may serve to 
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Figure 1.6: The respiratory chain of Paracoccus denitrjficans. Arrows represent the direction of electron transfer 
and double boxes indicate the components homologous to those from mitochondria. 
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the eukaryote (Weishaupt & Kadenbach, 1992). This also appears to be the case for 
other complexes involved in aerobic respiration: complex I (Xu et a!, 1993), complex 
III (Yang & Trumpower, 1986). 
As well as possessing the mitochondrial-like respiratory chain, P. denitrficans 
also has other respiratory-chain components which allow it to grow aerobically on 
methanol and methylamine (Duine et al, 1987) or anaerobically using nitrite or nitrate 
as terminal electron acceptors (Ingledew & Poole, 1984). These alternative modes of 
growth necessitate additional redox components therefore the respiratory chain of P. 
denitrfi cans is considerably more branched than that in mitochondria (Fig. 1.6). 
1.7 The Respiratory Chains of E. coli 
Under aerobic conditions E. coil synthesizes a respiratory chain which serves 
the same purpose as that for the mitochondrion or for P. denitrficans but in E. coil 
there is no high-redox-potential cytochrome c, instead electrons are passed directly 
from ubiquinone to the oxidases, which are themselves different to that found in 
mitochondria and P. denitrficans. (Fig. 1.7). Instead of an aa3 -type oxidase, E. coil 
has two oxidases, cytochrome bo and cytochrome bd. Cytochrome bo has two b-type 
haems and two copper atoms and has subunits with similar amino-acid sequences to 
the subunits of aa3-type oxidases. Cytochrome bd, however has a significantly 
different amino-acid sequence and contains no copper atoms but instead has two d-
type haems. Cytochrome bd has a greater affinity for oxygen than does cytochrome 
bo, therefore the former is preferentially produced under oxygen-limiting conditions 
and the latter under conditions of high oxygen tension. (Reviewed by Poole, 1988). 
E. coil is also able to respire anaerobically with a wide range of substrates and 
terminal electron acceptors, each of which requires the synthesis of a dehydrogenase 
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Figure 1.7: The respiratory chain of E. coli. Arrows represent electron transfer. The quinone is ubiquinone under 
aerobic conditions and menaquinone under anaerobic conditions. The respiratory chain is highly branched both 
before and after the quinone and there is no high-potential cytochrome c such as in mitochondria or P. den itrjficans. 
branched on both sides of the quinone (Fig. 1.7). The regulation of these pathways is 
discussed in section 1.10. 
1.8 The Respiratory Chain of S. putrefaciens 
As can be seen from the wide range of terminal electron acceptors which can 
be used by S. putrefaciens, this organism must have a complex branched respiratory 
chain. In order to understand the functioning of a respiratory chain, it is neccesary to 
understand the functions of the individual components. Flavocytochrome c from S. 
puirefaciens is a fumarate reductase and so a review of other fumarate reductases, and 
succinate dehydrogenases, is given below. 
1.9 The Structure of Fumarate Reductases and Succinate Dehydrogenases 
1.9.1 The Major Family 
Most fl.imarate reductases and succinate dehydrogenases have very similar 
physical and catalytic properties to each other, and on the basis of sequence 
comparisons of the genes encoding the catalytic subunits of E. coil, it has been 
suggested that the two enzymes share a common ancestor (Wood et al, 1984). 
Each enzyme consists of four subunits, two of which form the hydrophilic 
catalytic domain (A + B) and two of which are intrinsic membrane proteins (C + D). A 
schematic representation of the structure is shown in figure 1.8. Subunit A (65 - 72 
kDa) is also referred to as Fp for flavoprotein as it contains a single FAD moiety 
covalently bound to the polypeptide by an 8a-N3 -histidyl linkage, and subunit B (24 - 
27 kDa) as Ip since it contains two of the three iron-sulphur clusters, the third probably 
bridging subunits A and B. The two membrane subunits, C (13 - 17 kDa) 
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fumarate 	succinate 
Figure 1.8: The subunit organization of the four subunit, membrane-bound 
family of fumarate reductases and succinate dehydrogenases. The subunits A to 
D are labelled by underlined letters. FAD is covalently bound at the active site 
in most cases and the iron-sulphur clusters are represented by FeS. 
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and D (12 - 15 kDa), serve to anchor the catalytic domain to the cytoplasmic face of 
the plasma membrane in bacteria (the matrix side of the inner membrane in 
mitochondria) and allow the enzyme to react with quinones. In some species a 
cytochrome b is associated with the membrane subunits but this is not always the case. 
Much of the early biochemical work on these enzymes was carried out on the 
succinate-ubiquinone oxidoreductase from beef heart. However, more recent work has 
focused mainly on bacterial enzymes partly due to the relative ease of genetic 
modification in these systems, especially the isolation of mutants. 
1.9.2 Other Fumarate Reductases and Succinate Dehydrogenases 
Although, as has been stated, most thmarate reductases and succinate 
dehydrogenases so far studied have fallen into the family of four-subunit, membrane-
bound enzymes with covalently bound FAD, there are several exceptions which are 
discussed below. 
1.9.2.1 Single Peptide Anchors 
The fumarate reductase from Wound/a succinogenes has a single membrane 
anchoring subunit of approximately 30 kDa rather than two smaller subunits (KOrtner 
et a!, 1990). This also contains two b-type haem groups as opposed to the maximum 
of one found in the majority of the family. There are also two known cases of a single 
anchor-peptide in the succinate dehydrogenases from Bacillus subtillis (23 kDa; 
Magnusson eta!, 1986) and Neuro.spora crassa (14 kDa; Weiss & Kolb, 1979) each of 
which contains a single b-type haem. 
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1.9.2.2 Soluble Fumarate Reductases 
Soluble fumarate reductases have been identified in the cytoplasm of 
Saccharomyces cerevisiae (Rossi et al, 1964; Muratsubaki & Katsumi, 1982) and the 
periplasm of Clostridium forniicoaceticum (Dorn et a!, 1978) as well as the enzyme 
studied here, flavocytochrome c found in the periplasm of S. putrefaciens. All of the 
soluble fumarate reductases so far identified consist of a single polypeptide chain with 
non-covalently bound FAD and no iron sulphur centres. They also appear to be 
unidirectional fumarate reductases, a quality that appears to be conferred by the lack of 
covalent binding of the FAD moiety (See chapter 3 discussion). 
1.9.2.3 Desulfovibrio niultispirans Fumarate Red uctase 
The fumarate reductase from Desulj'ovibrio multispirans is unusual for several 
reasons. Firstly, although it is membrane bound and contains four subunits, their 
molecular weights are well outside the usual range (46, 32, 30 and 27 kDa respectively 
for subunits A, B, C and D). Also the FAD is non-covalently bound and therefore 
resembles the soluble fumarate reductases rather than the membrane bound ones. 
However, the enzyme does appear to contain the same amount of non-haem iron and 
acid-labile sulphur as the membrane bound enzymes, indicating that it also has iron-
sulphur clusters (He et a!, 1986). 
It has been suggested that this enzyme represents a "missing link" between the soluble, 
unidirectional ftimarate reductases with non-covalently bound FAD and the membrane-
bound enzymes which have covalently bound FAD and are able to also oxidize 
succinate, representing an evolutionary step from anaerobic to aerobic respiration 
(Gest, 1980). 
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1.10 Regulation of Anaerobic Respiration 
In E. coil, the regulation of the anaerobically expressed genes of terminal 
reductases has been extensively studied. Several regulatory proteins have been 
identified which under certain conditions control the expression of a group of operons 
(known as a modulon). The ArcA protein represses the aerobically synthesized 
enzymes in the absence of molecular oxygen (Lin & luchi, 1991) The Fnr protein, in 
the presence of fumarate and the absence of both oxygen and nitrate induces the 
expression of genes for fumarate redüctase (Spiro & Guest, 1990). However, in the 
presence of both fumarate and nitrate under anaerobic conditions, nitrate reductase is 
induced and fumarate reductase is repressed by the NarL protein which, along with 
NarX forms a two-component sensor-regulator (Stewart, 1988). This is presumably to 
allow the organism to maximize its ATP synthesis since the redox potential of the 
nitrate/nitrite couple (+420 mV) compared to that for fuimarate/succinate (+30 mV) is 
more favourable for a terminal electron acceptor. However, in the case of Wolinella 
succinogenes the midpoint potentials of the terminal electron acceptors do not seem to 
be responsible for determining the hierarchy for regulation (Lorenzen et al, 1993). In 
fact sulphur (in the form of polysulphide) is used preferentially to both fumarate and 
nitrate despite having a lower midpoint potential than either of them (Em(sulphur) = -270 
mV). The growth yields with sulphur as terminal acceptor are 3-6 times smaller than 
those with fumarate or nitrate, but the growth rate with sulphur is faster (Macy et al, 
1986). This is obviously advantageous for the organism in a situation where there is 
competition. 
The isolation and characterization of an electron transport regulatory gene 
(etrA) from S. putrefaciens has recently been reported (Saffarini and Nealson, 1993). 
This encodes a protein (EtrA) which has 73.6 % identity to the Fnr protein from E. 
coil. An EtrA mutant has been isolated which is unable to grow anaerobically with 
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Felli, sulphite, thiosuiphate, TMAO, DMSO, nitrite or fumarate, but is able to grow 
with nitrate and manganese. Therefore EtrA appears to regulate the expression of a 
different range of respiratory chain components from those regulated by Fnr in E. co/i. 
1.11 Flavocytochromes c 
Since the fumarate reductase from S. putrefaciens is a flavocytochrome c, other 
examples of these multicentred redox proteins are reviewed here. 
As their name suggests, flavocytochromes c contain two types of prosthetic 
group: flavins and haems. Flavins are able to act as adaptors between one-electron 
carriers and two-electron carriers. Most oxidation/reduction reactions of organic 
molecules (e.g. succinate/fumarate) involve the transfer of two electrons which can be 
carried by a flavin. However, the flavin is also capable of undergoing successive one-
electron transfer reactions, via its semiquinone form, to one-electron carriers such as 
haem groups or iron sulphur centres. Cytochromes are haem-containing enzymes and 
are capable of rapid transfer of single electrons. The structures of cytochromes are 
discussed more fully in chapter 4. There appears to be little similarity between 
flavocytochromes c isolated from various sources except for the presence of these 
prosthetic groups. In all flavocytochromes c so far characterized, the flavin is FAD 
(flavin adenine dinucleotide) rather than FMN (flavin mononucleotide) which is found 
in other forms of flavocytochrome, e.g. flavocytochrome b2 (Appleby & Morton, 
1954). 
The first flavocytochrome c to be identified was isolated from the phototrophic 
purple sulphur bacterium Chroniatiun, vinosum (Bartsch & Kamen, 1960). Since then 
further examples have been isolated from other purple sulphur bacteria as well as from 
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phototrophic green sulphur bacteria (Chiorobium spp.), Pseudornonas species and, as 
described in this thesis, S. puirefaciens. 
In all cases previously identified, the flavocytochromes c consist of separate 
flavin and haem subunits, although the stoichiometries vary between the enzymes from 
different sources. Chiorobiurn thiosulfatophiluni flavocytochrome c has two subunits, 
one containing the flavin and the other with a single haem group (Yamanaka et al, 
1979). Chromatium vinosurn flavocytochrome c also has two subunits but in this case 
the cytochrome subunit contains two haem groups (Yamanaka ci a!, 1979). The 
flavocytochrome c from Pseudomonas putida is a tetrameric enzyme of the form a202 , 
where each a subunit contains a flavin and each 0 subunit contains a single haem 
(Koerber et al, 1985). Table 1.1 shows the molecular weights of the haem and flavin 
subunits of these enzymes. The haems and flavins are all covalently bound in these 
flavocytochromes c. The haems are attached to cysteines via thioether bonds to the 
haem vinyl groups and are presumed to be his-met ligated. The amino acid sequence of 
the Ps. putida enzyme shows some similarity to the class I cytochromes c (McIntire et 
al, 1986 ; Moore & Pettigrew, 1990). The FAD prosthetic groups are attached by 8a 
linkages in all of these enzymes but in the Chlorobium and Chromatium enzymes this 
is to cysteine (Walker et al, 1974; Kenney et al, 1977) whereas in the flavocytochrome 
c from Ps. putida it is to tyrosine (McIntire ci al, 1980; McIntire et al, 1981). 
The Ps. putida flavocytochrome c is a p-cresol methyihydroxylase (PCMH), 
whereas the flavocytochromes c from both Chr. vinosum and Chi. thiosulfatophilum 
have been shown to catalyse the oxidation of sulphide to elemental sulphur in vitro, 
although it has been disputed whether this is their physiological role (Dolata et a!, 
1993). 
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Flavocytochromes c 	 Cytochrome subunits 	Flavin subunits 
Chromatium vinosum 	 21 kDa (2 x 10 kDa) 46 kDa 
Chiorobium thiosulfatophilum 	 10 kDa 	 47 kDa 
Pseudomonas putida 	 2 x 9 kDa 	 2 x 49 kDa 
Table 1.1: The subunit molecular weights of flavocytochromes c from 
Chromatium vinosum (Bartch & Kamen, 1960; Yamanaka el a!, 1979), 
Ch!orobiu,n thiosufatophilurn (Yamanaka et a!, 1979) and Pseudomonas putida 
(Koerber ci a!, 1985). There is some dispute whether there is a single dihaem or 
two monohaem subunits in the flavocytochrome c from Chrornatiurn vinosum 
(Cusanovitch ci a!, 1991). 
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1.12 Flavocytoch rome c from Sheivanella putrefaciens 
Prior to this work, the flavocytochrome c from S. putrefaciens was known to 
be a soluble fumarate reductase found in the periplasm (Morris, 1987). It consisted of a 
single polypeptide chain with at least four covalently bound haems and a non-
covalently bound FAD (Black, 1991). The enzyme had been purified (Morris 1987; 
modified by Black, 1991) and preliminary kinetic studies were carried out which 
suggested that it was essentially a unidirectional fumarate reductase with little 
succinate dehydrogenase activity (Black, 1991). A partial clone had been obtained and 
sequenced, and contained approximately one third of the coding sequence. This was 
shown to begin at amino-acid residue 6 (glu6) by comparison with the N-terminal 
sequence obtained from the mature purified protein. The deduced partial amino-acid 
sequence did not appear to show any significant similarity to other ftimarate 
reductases, apart from the region proposed to be the nucleotide binding fold which is 
common to all FAD binding proteins (e.g. glutathione reductase: Karplus & Schultz, 
1987), or to other c-type cytochromes except for the CxxCH haem binding motif 
characteristic of c-type cytochromes. 
The main aims of the work described in this thesis were three-fold 
To obtain the entire coding sequence of flavocytochrome c 
To further investigate the nature of the prosthetic groups 
To study both inter- and intra-molecular electron transfer in this enzyme during 
fumarate reduction 
By combining the results from these three avenues of investigation it is hoped 
to gain a better understanding of flavocytochrome c and to apply this to a wider view 








Materials and Methods 
2.1 GROWTH AND MAINTENANCE OF STRAINS 
2.1.1 Bacterial Stocks 
Name 	 Genotype 	 Reference 
E. coli TG 	 supE, hsdL5, thi, A(lac- 	Gibson, 1984 
proAB), F', trad36, proAB+, 
laqI, lacZiM15 
S. putrefaciens 	 Morris, 1987 
1SJIKSII1 
2.1.2 Growth of bacterial cultures 
Liquid cultures of bacteria were grown in the appropriate broth by 
inoculating a given volume of broth with a single colony using a sterile inoculating 
loop. Cultures of S. putrfaciens were grown at 23°C and those of E. coil at 37°C. 
2.1.3 Storage of bacterial cultures 
For long term storage 1 ml of fresh overnight culture of bacteria, grown in 
the appropriate medium, was mixed with 0.25 ml of 100% sterile glycerol, and 
stored in a sterile vial at -80°C. Upon recovery, vials were thawed quickly and the 
culture streaked out on agar plates made with the appropriate medium, with 
antibiotics if required. TG1 was streaked out onto minimal agar plates to maintain 
the F' plasmid. After overnight incubation at the appropriate temperature, a single 
colony was picked to propagate a fresh bacterial culture. For short term storage (4 - 
6 weeks), bacteria were stored on agar plates at 4°C. 
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2.1.4 Media for Escherichia coil 
Luria broth 
Per litre 
Difco Bacto tryptone 	 10 g 
Difco Bacto yeast extract 	 5 g 
NaCl 	 5g 
MgSO4 	 6g 
Minimal medium 
Per litre 
20 % glucose solution 10 ml 
K2HPO4 12 g 
1 21°4 3 g 
NH4C1 1 g 
NaCl 0.5 g 
dH20 	 800 ml 
This was autoclaved and cooled to 40°C, then the following were added: 
1 M CaC12 	 100 p.1 
1 M MgSO4 	 2 ml 




2.1.5 Medium for Shewanella putrefaciens 
Wood and Baird Medium 
Per litre 
NaCl 20 g 
K2HPO4 1 g 
Peptone 5 g 
Yeast extract 2 g 
MgSO4 .7H20 1 g 
Plates of the above medium were made by adding 2% agar prior to autoclaving. 
2.1.6 Antibiotics 
Stock Solution 	 Working Concentration 








Stock solutions were sterilized by filtration through a 0.22 pm filter and stored at - 












Tris base 	 108 g 
Bone acid 	 55 g 
0.5 M EDTA pH 8.0 	 40 ml 
2.2.3 10 x Loading buffer 
0.25% Bromophenol blue 
15 % Ficoll 400 
2.2.4 Denaturing Solution 
Per litre 
NaCl 	 87.66g 
NaOH 	 20 g 
2.2.5 Neutralizing Solution 
Per litre 
NaCl 	 l.5M 
Tns.HC1 pH 7.2 	 0.5 M 
EDTA 	 0.001M 
2.2.6 20 x SSC 
Per litre. 
NaCl 	 175.3g 
Sodium citrate 	 88.2 g 
Adjust to pH 7.2 with 10 M NaOH. Sterilize by autoclaving. 
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2.2.8 Pre-hybridisation solution 
20 x SSC 	 7.5 ml 
100 x Denhardts Solution 	 1.25 ml 
10%SDS 	 1.25 ml 
2.2.9 DNA Sequencing Gel (6% acrylamide) 
Per 80 ml 
Urea 	 33.6g 
Protogel (30 % acrylamide; 0.8 % 	16 ml 
bis-acrylamide) 
1OxTBE 	 8m1 
dH20 	 to 80 ml 
10 % APS 	 180 tl 
TEMED 	 180 pI 
All reagents except APS and TEMED were mixed thoroughly. APS and TEMED 
were added immediately before pouring the gel. 
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dH20 600 ml 
conc.HC1 10 ml 
pH to 8.8 
2.2.11 4 x Stacking buffer for SDS-PAGE 













pH to 6.8 
2.2.12 2 x SDS-PAGE Loading Buffer 
Per 100 ml 

















2.2.13 10% Resolving Gel for SDS-PAGE 
Per 30 ml 
Protogel (30 % acrylamide; 0.8 % 	10 ml 
bis-acrylamide) 
4 x Resolving buffer 	 7.5 ml 
dH20 	 12.3 ml' 
10 % APS 	 19041 
TEMED 	 50 t1 
2.2.14 5% Stacking Gel for SDS-PAGE 
Per 10 ml 
Protogel (30 % acrylamide; 0.8 % 	1.6 ml 
bis-acrylamide) 
x Stacking buffer 	 2.5 ml 
dH20 	 5.86 ml 
10 % APS 	 30 t1 
TEMED 	 10 t1 
2.2.15, 5 x Tris-glycine Electrophoresis Buffer 
Per litre 
Tris.base 	 15.1 g 
glycine 	 94 g 
10%SDS 	 50m1 
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2.2.16 lox Transfer buffer 
Per litre 
1 M Tris. HC1 pH 8.3 	 250 ml 
Glycine 	 112.6g 
2.2.17 Tris-buffered saline (TBS) 
Per litre 
1 M Tris. HC1 pH 7.5 	 10 ml 
4MNaC1 	 37.5 ml 
2.2.18 Fumarate reductase assay buffer 
Per litre 
Conc. HC1 (11.6 M) 	 4.310 ml 
NaC1 	 26.3 g 
Methyl viologen 
The pH was adjusted to 7.2 with Tris base. 
2.2.19 MES.NaOH buffer for pH dependence assay 
Per litre 
NaOH 	 2g 
NaC1 	 263 g 
Methyl viologen 
The pH was adjusted to that required with MES. 
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2.2.20 Succinate dehydrogenase assay buffer 
Per litre 
Conc. HC1 (11.6 M) 	 4.310 ml 
NaCl 	 26.3g 
4 mM DCPIP + 0.27 mM PMS 	30 t1 
The pH was adjusted to 7.2 with Tris base. 
2.3 SUPPLIERS 
2.3.1 Enzymes 
T4 DNA ligase, restriction endonucleases and Kienow fragment of DNA polymerase 
were obtained from Gibco-BRL, Paisley, UK. Lewes, Sussex. Pancreatic 
ribonuclease A was obtained from Sigma, and was boiled for 10 minutes to remove 
any DNase activity before use. Sequenase® was obtained from United States 
Biochemical Corporation, Cleveland, Ohio. 
2.3.2 Antisera 
HRP-conjugated anti-sheep/goat IgG was obtained from Scottish Antibody 
Production Unit (SAPU). 
2.3.3 Isotopes - Arnersham International 
2.3.4 General laboratory chemicals - Sigma chemical company, Poole, Dorset 
or, BDH, Poole, Dorset. 
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2.4 PHAGE 





Vieira and Messing, 1987 
2.5 PLASMIDS 
Name 	Description and use 	Reference 







I pUC MCSI( T7 Promoter 1< Reverse nrimer I 
 
Hincli 	 Xxnal 
	
Hincilil 	 PStI 	ACCI XbaI 	 Smal 	 Sad 
SphI 	 Sell BamHl 	 Kpnl 	 EcoRl 
pUC18MCS 	 1 I I I Iii I I I 
GCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGATTC 
Xmal 
Sacl 	 Smal 	 Xbal 	Hincll 	PstI 	 Mmdlii 
EcoRl 	 Kpnl 	 BamHl 	 McI  
_________ I 1 Sell _____
~Sphl 
pUC19 MCS I 	II I 
GATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGC 
Figure 2.1: (a) pTZ18R and pTZ19R are multifunctional phagemids containing 
both the pBR322and the II origins of replication for the production of double-
stranded and single-stranded DNA respectively. In order to produce single-
stranded DNA, the host cell containing the phagmid must be infected with helper 
phage M13K07 to initiate replication from the fl origin. The Lac Z' gene 
containing the multiple cloning site (pUC MCS) allows blue/white screening of 
recombinents on X-gaIIIPTG plates (see text). (b) The multiple cloning sites of 
pTZ18R (pUC18) and pTZ19R (pUC19) contain the same sites in the reverse 
order so that an insert in one phagemid can be transfered to the other by cutting 
with the same pair of enzymes, and so allow the opposite strand of DNA to be 
produced for sequencing. 
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2.6 OLIGONUCLEOTIDE PRIMERS 
Sequence 5'-3' 	 Name 	 Position relative to 
start of Fcc pre- 
sequence 
CAGGAAACAGCTATGAC Reverse primer * 
TGACAGTI'CACCATCTGGTGT 261H +129 
TGCTCATGTTGTTCAAGTACT 262Ff +836 
ATCTCCATACCTATCGA 361P + 1865 
ACCCAACACTATCTGTT 362P +1168 
CATCGATATCGCTGTC 363P -649 
TTAGTTAGGCTGAAGTG 364P -80 
ACGTACATAATGATTTG 543P -350 
ACTGTGCAGCATTACC 544P -374 
GTTCTGATITTGTCTTTG 545P +401 
CCCATAGCGGTCATC 546P +740 
CACCTCACGATACTGT 547P +439 
TTAACTAGGCTATCTG 548P +1405 
TT'CTTCACCCGCTAAG 549P +1748 
GGTAAAGACACTGATT 550P +1497 
CTAATTTACAAAGCTATC 551P +2165 
TGATAGGTGTCTTCAAT 294R +2284 
TFATGATAATGCAGTGA 625R +857 
* Reverse primer binds 34 nucleotides before the multiple cloning site on the 
plas mid. 
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2.7 TRANSFORMATION AND SELECTION PROCEDURES 
2.7.1 Preparation of competent cells 
1 litre of LB broth was inoculated with 10 ml of an overnight culture and 
shaken at 37°C until an 0D 600 of 0.3 was reached. Cells were placed on ice for 10 
minutes to arrest growth, then pelleted by centrifugation in 4 x 250 ml sterile 
Sorvall pots at 5000 X g (Sorvall SS-34 rotor) for 15 minutes at 4°C. The pellets 
were resuspended in 125 ml of fresh 100 mM calcium chloride. After 30 min on 
ice, the cells were pelleted at 9000 X g (Sorvall SS-34 rotor) for 10 minutes at 4°C. 
Each pellet was resuspended in 25 ml of 100 mM calcium chloride, and combined 
in one of the pots. Glycerol (20 ml) was added (final concentration of 17%) then 
the cells were divided into 1 ml aliquots, frozen in liquid nitrogen and stored at -80° 
C. 
2.7.2 Transformation of E. coli 
Supercoiled plasmid DNA (5 to 10 ng), or half of a ligation reaction, were 
added to 100 tl of competent TG 1 cells in a 1.5 ml microcentrifuge tube and left on 
ice for 40 minutes. The cells were then heat-shocked at 42°C for 3 mm. Luria broth 
(1 ml), containing ampicillin, was added to the cells, which were then incubated at 
37°C for 1 hour. The cells were then pelleted in a microfuge and resuspended in 
100 p.1 of Luria broth containing ampicillin. Aliquots (25 p.1 and 75 p.1) were spread 
onto Luria agar petri dishes containing 100 p.g/ml ampicillin. The plates were 
incubated overnight at 37 °C. 
39 
2.8 ISOLATION OF DNA 
2.8.1 Isolation of plasmid DNA from E. coli 
Plasmid DNA was isolated from E. coil using the alkaline lysis method 
essentially as described by Birnboim and Doly (1979). 
2.8.1.1 Small scale isolation 
Luria broth (3 ml), supplemented with ampicillin to a final concentration of 
100 tg/ml, was inoculated with a single colony of the plasmid-carrying strain and 
incubated at 37°C overnight with shaking. Half of the culture (1.5 ml) was pelleted 
by centrifugation in a microfuge and resuspended in 100 p.! of 25 mM Tris.HC1 
(pH8), 10 mM EDTA, 50 mM glucose (TEG). Lysis buffer (200 p.1 of 0.2 M 
NaOH, 1 % SDS) was added and after gentle mixing, placed on ice for 5 mm. 
Following the lysis 150 p.1 of 3 M sodium acetate (pH5) was added to precipitate 
chromosomal DNA, SDS and proteins. After a further incubation on ice for 5 
minutes the precipitate was removed by centrifugation in a microfuge for 10 
minutes. Absolute ethanol (1 ml) was added to the supernatant, mixed, and 
immediately centrifuged in a microfuge to pellet the plasmid DNA. The DNA was 
washed with 70% ethanol, dried under vacuum, and resuspended in 50 p.1 of TE 
buffer. Plasmid 'miniprep' DNA was stored at 4°C. 
2.8.1.2 Large scale isolation 
A 250 ml culture of bacteria carrying the desired plasmid was incubated 
overnight at 37°C with vigorous shaking in Luria broth supplemented with 100 p. 
g/ml of ampicillin. The cells were pelleted by centrifugation at 9000 X g (Sorvall 
GSA rotor) and resuspended in 4 ml of 25 mM Tris.HC1 (pH8), 10 mM EDTA, 50 
mM glucose (TEG). Cells were lysed on ice by adding 8m1 of 0.2 M NaOH, 1% 
SDS and left on ice for 20 mm. Addition of 6 ml of 3 M sodium acetate (pH5) 
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precipitated chromosomal DNA, SDS and proteins which were spun down at 17000 
X g (Sorvall SS-34 rotor) for 15 minutes at 4°C. Isopropanol (11 ml) was added to 
the supernatant and left at room temperature for 30 min to precipitate plasmid 
DNA. The DNA was pelleted by centrifugation at 20000 X g (Sorvall SS-34 rotor) 
for 20 minutes at 4°C. The pellet was washed in 70% ethanol, dried under vacuum, 
resuspended in 10 ml TE buffer containing 10 ig/ml RNase and incubated at 37°C 
for 30 minutes. Plasmid DNA (9.4 ml) was transferred to a fresh tube to which 100 
p.1 of 10 mg/ml ethidium bromide and 9.02 g of CsC1 were added, giving a density 
of 1.55 g/ml. The DNA was banded by centrifugation at 40000 X g (Beckman Ti-
100; TLA-100.3 rotor) for 12 hours at 20°C. DNA was visualized by side 
illumination with a UV light. The lower band containing supercoiled plasmid DNA 
was removed by puncturing the tube with a 19 gauge needle and syringe. A second 
19 gauge needle was inserted at the top of the tube to allow pressure release. The 
ethidium bromide was removed by extraction several times with butanol, and the 
CsC1 was removed by dialysis against 2 litres of TE buffer for 8 to 15 hours at 
room temperature. The TE buffer was changed 3 to 4 times during dialysis. The 
DNA was then stored at 4°C for up to 12 months or under ethanol at -80°C for long 
term storage. 
2.8.2 Isolation of single stranded DNA from E. coli 
Single stranded DNA from plasmids with the Fl origin of replication 
(phagemids) were prepared from E. coil using M13K07 helper phage. This method 
yielded approximately 1 p.g single stranded DNA which was suitable for use in 
sequencing reactions. 
A single colony of E. coil host containing the phagemid was grown in 2 ml 
selective medium to mid-log phase (0D 600 of 0.5). M13K07 helper phage was 
added to this, giving a multiplicity of infection of 10, and the culture was shaken 
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vigorously. After 1 hour, 400 tl of infected cells were mixed with 10 ml of 
selective medium, to which kanarnycin was added at a final concentration of 70 t 
g/ml to select for the phage. The culture was grown overnight, with vigorous 
shaking to give good aeration. 
Cells were removed from the culture supernatant by centrifuging 1.5 ml of 
the overnight culture at 12000 x g for 5 minutes. To precipitate the phage, 1.2 ml 
of the supernatant was added to 0.3 ml of NaC1/PEG solution (2.5M NaCl, 20% 
polyethylene glycol 6000), and left at room temperature for 15 minutes. The phage 
were pelleted at 12000 x g for 5 minutes. After removing all NaC1/PEG solution, 
the phage were resuspended in 100 tl TE. Phenol (50 tl) was added to the phage. 
The suspension was vortexed and centrifuged for 1 minute. DNA, which was 
located in the aqueous layer, was removed and cleaned by Geneclean. 
2.8.3 Preparation of S. putrefaciens chromosomal DNA 
The method was an adaptation (Black, 1991) of that described in Sambrook 
et al (1989). In order to minimize any shearing of the chromosomal DNA, all 
pipetting was carried out using a wide bore pipette and mixing was by gentle 
inversion. S. putrefaciens was incubated aerobically overnight to stationary phase in 
100 ml of Wood and Baird broth. Cells were harvested by centrifugation at 4 °C for 
15 minutes at 10,000 X g then washed in 50 mM Tris.HC1 (pH 8); 100 mM NaCl; 
1 MM  MgC12 . The pellet was resuspended in 50 mM Tris.HC1 (pH 8); 5 mM 
EDTA (10 ml) before addition of 50 tl lysozyme (100 mg/ml). This was then 
incubated at 30 °C for 30 minutes prior to the addition of proteinase K (2 mg/ml) in 
STEP solution (0.5% SDS; 50 mM Tris.HC1 pH 7.5; 400mM EDTA) (0.5 ml). 
Incubation was continued at 50 °C for a further 30 minutes, then cell protein was 
removed from the preparation by phenol extraction. Nucleic acids were obtained 
from the aqueous phase by ethanol precipitation and the precipitate was spooled out 
with a sterile pasteur pipette into 5 ml 50 mM Tris.HC1 (pH 7.5); 1mM EDTA 
42 
containing 200 tg/ml DNase-free RNase and dissolved by gently rocking overnight 
at 4 °C. RNase was removed by extraction with an equal volume of chloroform and 
the aqueous phase was ethanol precipitated. The precipitate was spooled out as 
before into 2 ml 50 mM Tris.HC1 (pH 7.5); 1 mM EDTA, dissolved as before and 
stored at 4 °C. 
2.8.4 Extraction of proteins from DNA with phenol and chloroform 
Distilled phenol was equilibrated with buffer at pH8 for extraction of proteins from 
DNA, by mixing with an equal volume of 1M Tris.HC1 (pH8). The phases were 
allowed to separate and the upper aqueous phase was discarded. This process was 
repeated until the pH of the phenol reached 8. The Tris.HC1 layer was then 
replaced with TE buffer. The DNA to be extracted was mixed thoroughly with 0.4 
to 1 X the volume of phenol then centrifuged at 2000 X g (Sorvall SS-34 rotor) for 
2 - 5 minutes. The upper aqueous phase was removed into a fresh tube, taking care 
not to collect any proteins located at the interface, and re-extracted with phenol if 
necessary. Instead of, or following phenol extraction, DNA was extracted with 
phenol-chloroform. The aqueous phase was then extracted with an equal volume of 
chloroform to remove any remaining phenol. After centrifugation as above, the 
upper aqueous phase was transferred to a fresh tube. 
2.8.5 Precipitation of DNA with ethanol 
Nucleic acid was precipitated from solution by addition of 0. 1 volumes of 3 
M sodium acetate (pH5) and 3 volumes of absolute ethanol at room temperature. 
The solution was mixed thoroughly and allowed to stand at room temperature for 10 
minutes, -20°C for 20 minutes, or -70°C for 15 minutes depending on the DNA 
concentration. DNA was pelleted by centrifugation at 5000 X g (Sorvall SS-34 
rotor) for 15 to 30 minutes. The supernatant was discarded and the pellet was 
washed with 70% ethanol and centrifuged as above for 2 minutes. The supernatant 
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was discarded and the pellet dried under vacuum until no visible traces of ethanol 
remained (2 to 5 mm). The DNA was dissolved in sterile distilled water or TE 
buffer. 
2.9 GEL ELECTROPHORESIS OF DNA 
2.9.1 Agarose gel electrophoresis of DNA 
DNA was separated in 0.8 - 2% (w/v) agarose BRL electrophoresis grade 
with 0.5 ig/ml ethidium bromide in 1 X TBE. Prior to loading, DNA samples were 
mixed with 0.1 X volume of loading buffer (20% glycerol; 20 mM EDTA; 0.1% 
bromophenol blue). Electrophoresis was carried out horizontally across a potential 
difference of 1-10 V/cm. Bacteriophage Xc1857 DNA cut with Hindlil was used as 
size markers. DNA was visualised by UV illumination and photographed. 
2.9.2 Recovery of DNA from agarose gels 
DNA was electrophoresed through 1 % agarose BRL in 1 X TBE, containing 
0.5 jig/ml ethidium bromide. The desired fragment was visualised by UV 
illumination, cut out, and extracted from the agarose using Geneclean. The 
agarose was weighed and 0.5 volume of TBE modifier and 4.5 volumes of 6M NaT 
solution were added. The agarose was dissolved by heating to 55°C for 5 minutes 
with occasional mixing, and then cooled on ice for 5 minutes. The molten agarose 
was treated with 5tl of 'glass milk' (a silica matrix suspended in water), and left 
for 5 minutes on ice with occasional mixing to allow the DNA to bind to the silica 
matrix. The 'glass milk' was pelleted by centrifugation at 15000 x g (microfuge) for 
1 minute. The supernatant was discarded and the pellet washed three times with 500 
t1 of 'NEW wash' (NaCl/ethanol/water mix). After a final spin all the NEW wash 
was discarded and the DNA was eluted from the 'glass milk' in 5-20 tl of TE 
buffer or water at 55°C. The mixture was spun in a microfuge, and the 
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supernatant containing the DNA, transferred to a fresh microfuge tube and stored at 
4°C. Recovery of DNA fragments of 500 base pairs or greater was usually around 
80%. 
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2.10 DNA MANIPULATION TECHNIQUES 
2.10.1 Cleavage of DNA with restriction enzymes 
All restriction enzyme digests were performed using BRL enzymes and 
buffers. DNA (0.1 to 20 pg) was cut in 10 - 200 jil of 1 X appropriate 'React' 
buffer for 2 - 8 hours at the appropriate temperature. For double digests involving 
enzymes with different recommended buffers, the buffers were checked individually 
in double digests to determine which gave the most efficient digestion. 
2.10.2 Ligation of DNA ends 
50 - 100 ng of vector (cut with the appropriate restriction enzyme) was 
incubated with a four-fold molar excess of fragment in 1 X ligation buffer (10 mM 
Tris.HC1 p1-1 7.2; 1 mM EDTA; 10 MM  MgC12 ; 10 mM DTIT; 1 mM ATP) with 10 
units of T4 ligase. The reaction was made up to a final volume of 10 p.l and 
incubated overnight at 16°C. 
2.11 SEQUENCING OF SINGLE STRANDED DNA 
Sequencing of DNA was carried out using the Sequenase Version 2.0 kit 
(United States Biochemicals) which uses the dideoxy chain termination method. 
Appropriate sequencing primer (1 p.1 of 3 ng/p.l) was annealed to 7 p.1 of 
template DNA (approximately 1 p.g DNA) in 2 p.1 of 5 X reaction buffer (200 mM 
Tris.HC1 pH7.5; 100 mM MgC1 2 ; 250 mM NaCl) by heating to 65°C for 2 minutes 
then cooled slowly to below 37°C. Extension from the annealed primer was done by 
adding 1 p.1 0.1 M DTT, 2 p.l dGTP label mix (a 1 in 4 dilution of 7.5 p.M dGTP, 
dCTP, dATP and dTT'P), 0.5 pl  a-[35S]-dCTP (400 Ci/mmole) and 2 p.1 diluted 
sequenasem (a 1 in 8 dilution of sequenase at 13 U/p.l in 10 mM Tris.HC1 
pH7.5; 5 mM DIT; 0.5 mg/ml BSA). The extension mixture was left at room 
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temperature for 2 - 5 mm. Further extension and termination was done by 
dispensing 3.5 p.1 of extension mix into four tubes preheated to 37°C containing 2.5 
p.1 of one of the four termination mixes: 
ddGTP mix - 80 p.M dNTPs; 8 p.M ddGTP; 50 mM NaCl 
ddATP mix - 80 p.M dNTPs; 8 p.M ddATP; 50 mM NaCl 
ddCTP mix - 80 p.M dNTPs; 8 p.M ddCTP; 50 mM NaCl 
ddTTP mix - 80 p.M dNTPs; 8 p.M ddTT'P; 50 mM NaCl 
The termination reaction was allowed to proceed at 37°C for 5 minutes and 
the reaction was stopped by the addition of 4 p.1 of stop solution (95% formamide; 
20 mM EDTA; 0.05% bromophenol blue). Extension products were separated by 
electrophoresis through a 6% denaturing polyacrylamide gel made up by 
mixing 25.2 g of urea, 6 ml 10 X TBE, 12.5 ml Protogel (30% acrylamide; 0.8% 
bis-acrylamide) made up to a final volume of 60 ml with water. Polymerisation of 
the acrylamide was achieved by adding 140 p.1  of 10% ammonium persuiphate and 
140 p.1 of TEMED immediately prior to pouring the gel. Sequencing reactions were 
heat denatured at 75°C for 3 minutes, loaded onto the gel and electrophoresed in 1 
X TBE buffer at 65 Watts for 1 hour 45 minutes to 6 hours. The gel was fixed in 
10% acetic acid (v/v), washed with water and then dried under vacuum at 80°C for 
1 - 2 hours. The gel was then autoradiographed at room temperature overnight. 
2.12 DETECTION OF COMPLEMENTARY DNA 
In order to detect specific sequences in DNA, it was separated in an agarose gel and 
transferred to a nylon membrane before hybridisation with a DNA probe. 
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2.12.1 Southern transfer 
The capillary blotting method used for transfer was essentially that described 
by Southern (1975). 
Sheets of nylon (Hybond-N) were obtained from Amersham International. 
Chromosomal S. putrefaciens DNA was digested with restriction endonucleases. 
and the digests were then separated on a 0.8% agarose gel by electrophoresing in 1 
X TBE. The gel was placed in denaturing solution (1.5 M NaCl; 0.5 M NaOH) for 
30 mm, and then in neutralising solution [1.5 M NaCl; 0.5 M Tris.HC1 (pH 7.2), 
1 mM Na2EDTA] for 30 minutes. The gel was placed upside down on a piece of 3 
MM filter paper, the ends of which were resting in a reservoir of 6 X SSC. A sheet 
of nylon membrane (Hybond-N) was cut to the size of the gel and placed on top. 
Care was taken to avoid any air bubbles forming between the gel and the membrane 
as they would prevent migration of the DNA. Three layers of pre-soaked filter 
papers were placed on top of the membrane followed by a 10 cm stack of absorbent 
paper towels, and a glass plate with a weight placed on top of it to ensure even 
transfer. Transfer was allowed to proceed overnight, after which the filter was 
removed and washed in 2 X SSC. The filter was then allowed to dry on a piece of 
filter paper before being wrapped in Saran wrap and UV fixed. This procedure 
covalently bonded the DNA to the nylon membrane. 
2.12.2 Random-primed labelling of DNA 
(Feinberg and Vogeistein, 1983) 
Linear DNA (50 - 100 ng) in a total volume of 35 p.1 was heat denatured by 
boiling. After snap cooling on ice the DNA was mixed with 30 p.Ci a[ 32P]-dCTP 
(3000 mCi/mmol), 10 p.g BSA, 10 p.1 5 X OLB (0.05 M 3-mercaptoethanol; 1 M 
HEPES pH 6.6; 0.03 U pd(N) 6 ; 0.26 M Tris.HC1 pH8; 0.26M MgCl2;  0.1mM 
dATP, dTTP and dGTP) and 1 p.1 of Klenow fragment (5 U/p.l) from E. coil DNA 
polymerase 1. The reaction took place at room temperature over a 5 - 12 hour 
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period. The radio labelled DNA was separated from unincorporated nucleotides by 
firstly making the total volume of the reaction mixture to 200 tl with 4 X SSC 
(final concentration of 3 X SSC), then passing the mixture through a 1 ml Sephadex 
G-50 column (made up in 3 X SSC), (modified from Sambrook et al, 1989). The 
probe was denatured immediately prior to use by heating to 95 °C for 5 minutes. 
2.12.3 Hybridisation conditions 
The nylon membrane to which the DNA was bound was placed in a heat 
sealable bag with 0.2 ml of pre hybridisation solution per cm 2 of membrane. The 
bag was sealed and then incubated at 65°C for 6 hours with constant shaking. 
Hybridisation was then carried out by adding 50 ng of denatured labelled probe to 
the bag, resealing it and incubating it at 65°C with shaking. Care was taken during 
both pre hybridisation and hybridisation to avoid air bubbles in the heat sealed bags. 
After hybridisation the membranes were washed with increasing stringency until all 
the background radiation had been washed off. The membranes were then allowed 
to dry before being autoradiographed at -70°C. 
2.13 CONSTRUCTION AND SCREENING OF A LIBRARY OF S. 
putrefaciens DNA 
2.13.1 Library construction 
Plasmid pTZ19R was digested to completion with BarnHl and ligated with 
chromosomal fragments from S. putrej'aciens digested to completion with BgiII. 
Aliquots of the ligation mix were transformed into E. coil TG 1. 
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2.13.2 Selection of clones containing inserted DNA 
Transformants were screened for those containing inserts by plating out onto 
LB agar plates, containing ampicillin, which had already been spread with 30 p.! X-
gal (20 mg/ml in dimethyl flrmamide) and 20 p.1 IPTG (24 mg/ml in dimethyl 
mamide). The plates were then incubated at 37 °C overnight and positives 
identified by the lack of blue colour in the colonies. In cases where there was a low 
ligation or transformation rate, positives were picked onto gridded plates and 
reincubated overnight before colony blotting. 
2.13.3 Colony blotting 
A disc of nylon membrane (Hybond-N) was placed on the surface of the 
agar plate with the colonies to be screened. Care was taken to avoid movement of 
the membrane relative to the colonies to avoid speading of the colonies. The 
orientation of the membrane to the plate was marked by piercing both with a sterile 
needle. After 1 minute the membrane was removed and placed colony side up on a 
pad of filter paper soaked in denaturing solution for 7 minutes. The membrane was 
then placed on a pad of filter paper soaked in neutralizing solution for 3 minutes. 
The neutralizing step was repeated with a fresh pad. The membrane was washed in 
2 x SSC and air dried colony side up on dry filter paper before being UV fixed as 
for Southern blotting. 
2.13.4 Identifying positive clones using a radioactive probe 
The colony blots were screened using the same radioactive probe and 
hybridization conditions as for Southern blotting, and positives identified on 
autoradiographs. The corresponding colony could be identified on the agar plate 
using the orientation marks. 
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2.14 PURIFICATION OF FLAVOCYTOCHROME C 
Flavocytochrome c was purified by the method of Black (1991; Morris et a!, in 
press), as described below. 
2.14.1 Preparation of periplasm from S. putrefaciens 
Periplasm from S. putrefaciens was prepared by a modification (Easter, 
1982) of the osmotic shock/lysis procedure of Birdsell & Cota Robles (1967). S. 
putrefaciens was grown microaerobically in Wood and Baird media containing 10 
mM sodium furnarate and 20 mM lactate (pH 7.2) to an A 660 of 0.2-0.3. The cells 
were harvested by centrifugation for 15 minutes at 10,000 X g and 4°C, then 
washed in buffer (100 mM K2HPO4 pH 7.2; 100 mM NaCl; 1 MM  MgSO4.7H20). 
The pellet was resuspended in 100 mM Tris.HC1 (pH 8.0) containing sucrose (0.5 
M) and incubated statically at room temperature for 10 minutes. Lysozyme was 
added to a final concentration of 30 p.g/ml and incubated for a further 10 minutes. 
An equal volume of 10 mM Tris.HC1 (pH 8.0) was added with continuous stirring 
to shock the cells, and after 10 minutes EDTA was added to a final concentration of 
1 mM. The formation of sphaeroplasts was followed by phase contrast microscopy 
during these procedures. The shocked cells were centrifuged at 17,000 X g for 15 
minutes and the periplasm was decanted off from the pellet. 
244.2 Ammonium sulphate [(NB4)2SO4
] 
precipitation 
(NH4)2SO4 was added slowly to 60% saturation and then left at 4°C for 2 
hours, before centrifugation at 30,000 X g (OTD-Combi) for 30 minutes at 4°C. 
The supernatant was decanted and increased to 100% saturation with (NH 4)2SO4 . 
After incubation at 4°C for 2 hours the precipitate of flavocytochrome c was 
collected by centrifugation as above, dissolved in 10 mM Tris.HC1; 5 mM EDTA 
51 
(pH8.4) and dialysed against several changes of the same buffer overnight to 
remove the (NH 4)
2
SO4 . 
2.14.3 Ion exchange column 
Ion exchange chromatography was carried out using the cation exchanger 
DEAE-Sepharose CL-6B and a 2.6 x 15 cm column at 4 °C. The column was 
equilibrated with 10 mM Tris.HCJ; 5 mM EDTA (Buffer 1) before the samples 
were loaded. The column was then washed with at least 3 column volumes of 
Buffer 1 to remove any unbound material, and developed with an increasing linear 
gradient of NaCl (0 - 0.5 M; 500 ml) in Buffer 1. Fractions with fumarate 
reductase activity were pooled, concentrated by Amicon Ultra filtration with a low 
molecular weight cut-off point of 30000 Daltons and dialysed against several 
changes of Buffer 1 overnight. 
2.14.4 Hydroxyapatite column 
The hydroxyapQtite was equilibrated in Buffer 1, the protein sample loaded 
and the column washed as for ion exchange chromatography. The column was then 
developed with an increasing linear gradient of K 2HPO4 (0 - 0.5 M; 500 ml) in 
Buffer 1 at room temperature to prevent the phosphate crystallizing out. Fractions 
with fumarate reductase activity were pooled, concentrated and dialysed as for ion 
exchange fractions. 
2.15 ONE DIMENSIONAL SDS-POLYACRYLAMIDE GEL 
ELECTROPHORESIS OF PROTEINS 
This technique was used to separate proteins according to their molecular 
weight, (Laemmli, 1970). The polyacrylamide gel was prepared in two phases, a 
resolving gel for the separation of the protein samples and a stacking gel for the 
concentration of the protein samples before separation. The resolving gel was mixed 
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well, poured between two glass plates and overlaid with water saturated butanol. It 
was then left to polymerise for 1 hour. Once the resolving gel had polymerised the 
water saturated butanol was rinsed off with distilled water and the stacking gel was 
prepared. The stacking gel was mixed well and then poured on top of the resolving 
gel. A comb was then inserted into the top of the stacking gel and the gel was 
allowed to polymerise for 30 minutes. Once polymerised the gel was clamped into a 
vertical electrophoresis tank filled with 1 x running buffer. The comb was then 
carefully removed and the protein samples (in 2 X LSB) were loaded into the wells. 
The gel was then run at 10 volts per cm for 4 - 5 hours. The gels  were stained with 
1% PAGE Blue Electran in 20% (v/v) methanol, 5% (v/v) acetic acid. 
2.16 VISUSLIZATION OF FLAVOCYTOCHROME C BY WESTERN 
BLOTTING 
A specific protein band can be visualized on a blot of proteins separated by 
polyacrylamide gel electrophoresis, by the use of two antibodies. The first antibody 
is raised against the protein to be visualized, and the second is raised against the 
first antibody. The second antibody is conjugated to horse radish peroxidase which 
catalyses a reaction producing a colour, and so the colour is localized to a specific 
protein band. 
2.16.1 Western transfer 
An SDS-PAGE gel was run and then soaked in 1 x transfer buffer for two 
minutes. It was then assembled into a "sandwich" with the gel adjacent to a piece of 
nylon membrane (Hybond-N) placed between 2 x 2 layers of 3 MM filter paper and 
foam sponge, (all pre-soaked in 1 x transfer buffer). The proteins were then 
transferred onto the membrane, by immersing the sandwich in a tank containing 1 x 
transfer buffer and passing a current of 1 Amp through it for 2 hours. The 
membrane was on the positive electrode side of the gel, since proteins migrate 
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towards the positive electrode. The membrane was then dried or used immediately 
for immunodetection. 
2.16.2 Filters blocked with skimmed milk proteins 
The filters were blocked for 6 hours in 5% (w/v) skimmed milk powder in 
TBS, at 25°C overnight. The solution was then replaced with 20 ml of 2% (w/v) 
skimmed milk powder in TBS. Antibody (30 tI) was added and the 
membranes/filters incubated at 25°C for 5 hours. After incubation with the antibody 
the membrane was washed in 100 ml of TBS, four times for 5 minutes. The 
membrane was then placed in fresh skimmed milk powder in TBS (at the same 
relative concentration) and second antibody was added. After incubation for 4 - 5 
hours the membrane was washed as before and then developed. 
2.16.3 Antibody detection with HRP-conjugated second antibody 
Horse radish peroxidase-conjugated anti-sheep/goat IgG (Scottish Antibody 
Production Unit) were used as second antibodies. Antibody (10-20 tl) was added to 
a small volume of the diluted blocking agent and incubated with the washed 
membranes at 25°C for 2 hours. The membranes were then washed thoroughly and 
developed by shaking the membrane in 10 ml of developing solution (0.5 ml of 5 
mg/ml dianisidine, 1 ml of 0.1 M irnidazole (pH 7.4), 0.1 ml of 30% H 202 and 8.4 
ml of water) until an orange band appeared. Where larger membranes were used the 
volumes were scaled up accordingly. The reaction was stopped by rinsing the 
membrane in distilled water and the membrane left to dry. The developed 
membrane was photographed since the colour tended to fade with time. 
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2.17 ENZYME ASSAYS 
2.17.1 Fumarate reductase assay 
Fumarate reductase activity was assayed by the anaerobic fumarate-
dependent reoxidation of reduced methyl viologen measured by following the loss 
of absorbance at 600 nm. Enzyme activity was calculated assuming an extinction 
coefficient for methyl viologen of 13,000 M' cm - ' at 600 nm (Thorneley, 1974). All of 
the solutions were sparged with oxygen-free nitrogen for at least 30 minutes before 
the assays were carried out. The cuvette was filled with fumarate reductase assay 
buffer (3 ml) and a few antibumping granules were added to aid mixing, before the 
stopper was inserted excluding all air. Sodium dithionite (25 mM in 10 mM NaOH) 
was added, via a hole drilled in the stopper to take a syringe needle, to give a 
reading at A 660 of 1 after mixing by inversion. The background activity was 
measured for 2 minutes before the reaction was started by the addition of fumarate, 
also injected through the hole. 
2.17.2 Succinate dehydrogenase assay 
Succinate dehydrogenase activity was measured by the succinate dependent 
reduction of DCPIP followed by monitoring the decrease in absorbance at 600 nm 
(Ells, 1959). Enzyme activity was calculated assuming an extinction coefficient for 
DCPIP of 21,000 M - ' cm- ' at 600 nm (Lester & DeMoss, 1971). The reaction was 
carried out aerobically in a 3 ml cuvette, and the background activity was measured 
for two minutes prior to the addition of succinate. 
2. 17.3 pH dependence of furnarate reduction 
The assays to determine the pH-dependence of fumarate reduction were 
carried out as described (section 2. 19.1) except that the fumarate reductase assay 
buffer was replaced by either: 
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Tris.HC1 buffer made up as for fumarate reductase assay buffer but with the pH 
adjusted between pH 6.5 and 9.5 
MES.NaOH buffer with the pH adjusted between pH 5.0 and 7.5 
2.17.4 Stopped-Flow Measurements 
Stopped-flow measurements of fumarate reduction were carried out 
anaerobically using an Applied Photophysics SF. 17MV stopped-flow 
spectrofluori meter. Stock solutions of flavocytochrome c (ljiM) and fumarate (5 - 
100 j.LM) were made up in Tris.HC1 buffer (adjusted to I = 0.5 with NaCl). 
Fumarate solutions were deoxygenated by degassing under vacuum followed by 
sparging with oxygen-free nitrogen. The enzyme solution had oxygen-free nitrogen 
blown over the surface of the solution to prevent denaturation of the protein. The 
stopped-flow apparatus was washed through with deoxygenated Tns.HC1 buffer 
prior to the experiment. Equal volumes of enzyme solution and fumarate solution 
(50 tl) were mixed in the stopped-flow apparatus and the decrease in absorbance of 
the haems was followed at 552 nm over a 100 ms time course. 
2.18 SPECTROSCOPIC MEASUREMENTS 
Protein was prepared as described (section 2.14) and concentrated by 
Amicon Ultra filtration with a low molecular weight cut off of 30 000 kDa. 
2.18.1 Electronic Absorption Spectra 
Electronic absorption spectra were recorded using a Beckman DU62 
spectrophotometer. Oxidized flavocytochrome c was prepared by the addition of 
ferricyanide, and reduced enzyme by the addition of dithionite. 
56 
2.18.2 EPR Spectra 
(Carried out by Dr M.R. Cheesman at UEA) 
The EPR spectra were recorded with a Bruker EPR-200D-SRC X-band 
spectrometer with an aspect 2000 computer. Temperature regulation of the sample 
was by an Oxford Instrument ESR-900 continuous flow cryostat with a DTC-2 
controller and a gold-iron/chromel thermocouple. EPR measurements were carried 
out at a haem concentration of 0.4 mM (0.1 mM flavocytochrome c). 
2.18.3 MCD Spectra 
(Carried out by Dr M.R. Cheesman at UEA) 
MCD measurements were carried out in the region 250 - 800 nm using a 
JASCO J-500D spectropolarirneter and in the region 800 - 2000 nm with a 
laboratory-built instrument (Eglinton, 1981). The magnetic field and temperature 
control was by an Oxford Instruments SM-4 split-coil superconducting magnet with 
a maximum field strenghth of 5 T and sample temperature control between 1.5 and 
200 K. MCD spectra are quoted in terms of ic = CL - CR where 8L  and 6R  are the 
molar absorption coefficients for left- and right-circularly polarized light. MCD was 
carried out at a haem concentration of 0.1 mM (25 j.iM protein) between 300 and 
800 nm, and at 0.2 mM haern (50 piM protein) between 800 and 2000 nm. 
2.18.4 NMR Spectra 
(Carried out by J. Parkinson at University of Edinburgh) 
NMR measurements were carried out on 600 MHz Varian VXR600 at 25± 
0.1°C. Chemical shifts are quoted downstream of 4,4-dimethyl-4-silapentane 








Cloning and sequencing 
3.1. Introduction 
A part of the fcc gene had previously been isolated by using an antiserum raised 
in sheep against purified flavocytochrome c, to screen an expression library of 
Shewanella putrefaciens chromosomal DNA fragments in the expression vector pEX3 
(Black,1991; Pealing ci a!, 1992). The amino-acid sequence of the 1.5 kb fragment 
was initially reported as two non-overlapping contigs sequenced from either end of the 
clone. (Black, 1991; Fig 3.1) The portion of the sequence containing the partial coding 
sequence of flavocytochrome c is identical to that presented here and was shown to 
begin at residue 6 by comparison with the N-terminal sequence of pure 
flavocytochrome c. However, the upstream sequence (Black,1991) has since been 
identified as an Escherichia co/i sequence (Swissprot accession number P3 1452), 
explaining why the sequences did not overlap. 
Black (1991) reported the presence of four c-type haem-binding motifs 
(CxxCH) and a region indicative of flavin binding, but no other similarity to other 
cytochromes or to the family of fumarate reductases and succinate dehydrogenases. 
She was unsuccessful in obtaining a full length clone from a library constructed from S. 
putrefaciens chrornosomal DNA partially digested with Sau3A, probably because this 
library was too small and did not contain the fragment being sought. 
In this chapter the cloning and sequencing of the entire flavocytochrome c gene 
and surrounding sequence, 4.6 kb in all, is described. The sequence of the protein is 
compared both with other tetrahaem cytochromes and with the flavoprotein subunits 
from other fumarate reductases and succinate dehydrogenases. 
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Figure 3.1: Schematic representation of the sequence reported by Black (1991). 
The hatched portion represents the partial DNA sequence of the gene encoding 
flavocytochrome c and the shaded portion represents the E. coli sequence 
enoniously identified as S. putrefaciens sequence upstream of the 
flavocytochrome c gene. Ri is the EcoRl restriction site preceding the codon for 
residue 6 of the mature flavocytochrome c. 
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3.2. Results and Discussion 
3.2.1. Cloning the Complete Gene Encoding Flavocytochrome c 
Given the sequence information derived from the partial fcc clone a restriction 
map of this fragment was constructed which was used to identify potentially useful 
restriction sites, which would yield fragments that could be screened for one which 
contained the entire coding sequence of flavocytochrome c, and was of a size suitable 
for sequencing thus avoiding the need for partial digestion of chromosomal DNA. 
Southern blot analysis was carried out on samples of S. putrefaciens chromosomal 
DNA cut to completion with these enzymes. This was probed with a 32P-labelled probe 
of the insert from pACB 1 labelled by random priming, and indicated that the complete 
sequence encoding flavocytochrome c was contained within a 3.3 kb BglJI fragment 
(Fig. 3.2). 
A library was constructed from BglII fragments of S. putrefaciens 
chromosomal DNA, without size fractionation, inserted into the BaniHi site of 
pTZ19R, since these two enzymes give compatible sticky ends. Colonies containing 
plasmids with inserts were identified as white colonies on X-gal/IPTG plates, and 
picked onto gridded plates. These were screened by colony blotting using the same 
probe as for the Southern blot. A single positive clone (pSP1) was identified, purified 
and shown to contain an insert of the expected size (Fig. 3.3). 
3.2.2. Sequencing of the Cloned Fragment 
The sequence of the insert was determined on both strands using a combination 
of sub-cloning (Fig. 3.4) and synthetic oligonucleotide primers (See Materials and 
Methods, section 2.6). The clone was shown to be 3323 bp in length 
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Restriction enzymes used to cut the DNA: 
Lane 1:Pst] 	 Lane 5:BglII 
2: Pstl+NrUl 	 6 :Uncut 
3:EcoRl 	 7:Unlabelled probe 
4: BamHl 
Figure 3.2: Autoradiograph of a Southern blot of S. putrefaciens genomic DNA 
probed with a 32P-labelled EcoRl fragment from pACB1 (coding for residues 6 to 












Lane 1 	?/HindIII markers 
2 pSP1 cut with XbaI and SstI 
Figure 3.3: Restrictio0igest of pSP1 showing the 2.9 kb plasmid (pTZ19R) and 




KB/B 	 KB/B 
ZI 	113 RI 	H3 (b) 
orfi 	
RI 	 orfi 
pSP1 	 pSP2 
6.2 kb fee 	 6.2 kb 	fee 
RI 	 H3 	'-L..__-- 	1 RI 
X B/B 	 113 	 x B/B 	 H3 
R 
H3 
Figure 3.4: The vector is shown as a single line (see chapter 2, fig. 2.1 for vector) 
and the inserted DNA as a box. The gene encoding flavocytochrome c is hatched 
and the two open reading frames are shaded. Restriction sites are as follows: RI, 
EcoRl; H3, Hindlil; X, Mal; K, KpnI; B/B, ligation of ends cut with BamHl 
(vector) and BglII (insert) resulting in the loss of both sites. (a) pSP1 was 
constructed by ligation of the 3.3 kb BglII fragment containing the fcc gene, 
into pTZ19R cut with BamHl. (b) pSP2 was constructed by cutting pSP1 with 
KpnI and XbaI and inserting the 3.3 kb fragment into pTZ18R cut with the same 
enzymes. This allowed sequencing of the other strand of the inserted DNA to be 
carried out. (c) pSP4.1 and pSP4.2 were constructed by cutting pSP1 with 
Hindlil and isolating the 0.9 kb fragment. This was then inserted into pTZ18R, 
also cut with Hindlil, and recombinents were screened by single-stranded DNA 
sequencing to obtain the insert in either orientation. 
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and to contain the complete gene encoding flavocytochrome c, as well as two other 
open reading frames (ORF I and ORF2). The sequence of ORF2 showed some limited 
relationship to E. co/i fumarate reductase subunit D, suggesting that further cloning 
might be useful. 
3.2.3. Extending the Sequence Downstream 
The sequence was inspected for restriction sites towards the end of the cloned 
fragment and Southern blot analysis was carried out to determine which would be most 
useful to extend the sequence of ORF2. HindJTI gave a fragment of 1.9 kb when 
probed with the 0.6 kb HindIII fragment from pSP1 labelled with 32p  (Fig. 3.5). A 
DNA library was constructed as before in pTZ 1 9R of S. putrefaciens DNA digested 
with HindIII and screened by colony blots probed with the same 0.6 kb probe as for 
the Southern. 
Sequencing of the single positive clone (pSP6) confirmed the overlap with the 
sequence already obtained and yielded both the end of ORF2 and a further open 
reading frame (ORF3). A schematic of the entire 4.6 kb sequence showing the 
flavocytochrome c gene and the three open reing frames is given in Figure 3.6. 
3.2.4. Analysis of the Predicted Amino-acid Sequence of Flavocytochrome c 
The entire sequence of the 4.6 kb of cloned S. puirefaciens DNA in the region 
of the gene encoding flavocytochrome c is shown in Figure 3.7, aligned with the 
deduced amino-acid sequences of flavocytochrome c and the three open reading 
frames. The N-terminal amino acid sequence of the mature protein, determined by 
protein sequencing (Black, 1991) is indicated. The codon for the N-terminal alanine is 












2 : EcoRl+BamNl 
	
6: Pstl 




Lane 9:pSP1 (positive control) 
Figure 3.5: Autoradiograph of a Southern blot of S. putrefaciens genomic DNA 
probed with 32P-labelled 0.6 kb Hindill fragment of pSP1 (the sequence 
downstream of thefcc gene containing the partial ORF2). 
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B2 
orfi 	 fcc 
	 orl2 	orl3 
0 	0.5 	1 	1.5 	2 	2.5 	3 	3.5 	4 	4.5 
0\ 
Figure 3.6: A schematic of the total 4.6 kb DNA sequence surrounding the flavocytochrome c gene. The directions of the reading 
frames are shown by the arrows above and the distance in kilobases from the left side is shown below. The restriction sites are as 
follows: B2, BglII; H3, Hindu!; Ri, EcoRi; S, SphI. 
Figure 3.7: The following 7 pages show the entire 4.6 kb DNA sequence of the 
two overlapping clones from S. putrefaciens. The sequence of the gene for 
flavocytochrome c is shown in lower case letters, with the deduced amino-acid 
sequences of flavocytochrome c and the three open reading frames shown below 
in upper case letters. The nucleotide sequence is numbered from the start of the 
cloned Bglll fragment and the flavocytochrome c polypeptide is numbered from 
the start of the mature protein. The l)u1tive periplasmic signal sequence is 
underlined and the amino-acid sequence determined by N-I-emma! sequencing 
(Black, 1991; Pealing ci a!, 1992) is indicated by asterisks. 
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agatctgcccaattgtttattaacgccttaccctgcaaggtataagctttagcgtgggtt 
1 ---------+---------+---------+---------+---------+---------+ 60 
tctagacgggttaacaaataattgcggaatgggacgttccatattcgaaatcgcacccaa 
DAW N 	 LAKGQLTYAKAHT  
gcatatataggatcagattgcgctaacttacgatccatgttcaccgggctaaccacagca 
61 ---------+---------+---------+---------+---------+---------+ 120 
cgtatatatcctagtctaacgcgattgaatgctaggtacaagtggcccgattggtgtcgt 
A YIP D SO AL K RD MN V P S V V A 
atcacatcgatat cgctgtcaggatcatgaacatcttttaccaattgttgaaaactcttt 
121 ---------+---------+---------+---------+---------+---------+ 180 
tagtgtagctatagcgacagtcctagtacttgtagaaaatggttaacaacttttgagaaa 
IV DID SD PD H V D K V L 0 Q F S K 
cgacgtacaataatgcgcttattggtcagctggccaattctatccatcaactcgatatta 
181 ---------+---------+---------+---------+---------+---------+ 240 
gctgcatgttattacgcgaataaccagtcgaccggttaagataggtagttgagctataat 
R R VI IRK NT LOG I RD ML El N 
aagccttgatcaacgccgttattccgccactctaatggcgctgtttttgaatgtacgcca 
241 ---------+---------+---------+---------+---------+---------+ 300 
ttcggaactagttgcggcaataaggcggtgagattaccgcgacaaaaacttacatgcggt 
F GOD V G N N R WE L PAT K S H V G 
aagacaatgctgtcttgcgcgagcacaggcatagtgatgatgataagtaataacaataga 
301 ---------+---------+---------+---------+---------+---------+ 360 
ttctgttacgacagaacgcgctcgtgtccgtatcactactactattcattattgttatct 
F V IS DO A L 	PM TI I ILL L L L 
gttttcatgccgcgatgttacccattttttccacttgaaactgtgcagcattacccgaat 
361 ---------+---------+---------+---------+---------+---------+ 420 
caaaagtacggcgctacaatgggtaaaaaaggtgaactttgacacgtcgtaatgggctta 
tagcaaatcattatgtacgttttcttatgatgttaactcgatgtgatctatctccacata 
421 ---------+---------+---------+---------+---------+---------+ 480 
atcgtttagtaatacatgcaaaagaatactacaattgagctacactagatagaggtgtat 
agctatgcaaaattgcatatacctctttataactatgcatgtttgcatagcgcattttta 
481 ---------+---------+---------+---------+---------+---------+ 540 
tcgatacgttttaacgtatatggagaaatattgatacgtacaaacgtatcgcgtaaaaat 
ggcttgtgattgagttgtcatttctgccctctattctggttatctggttgttgattgcgc 
541 ---------+---------+---------+---------+---------+---------+ 600 
ccgaacactaactcaacagtaaagacgggagataagaccaatagaccaacaactaacgcg 
ccccttaggcaaagattacattgagcgaaaataatagctgatcaactcgatgctaatttg 
601 ---------+---------+---------+---------+---------+---------+ 660 
ggggaatccgtttctaatgtaactcgcttttattatcgactagttgagctacgattaaac 
gaccgtatttttaaagtgaagtgaagtcagtttcacttcagcctaactaaaacaataaga 




721 ---------+---------+---------+---------+---------+---------+ 780 
ccgaagatatcaattacttatttggcagtaatgcatatcttCCcCCtCgtttttaCtttt 
M K K 
agatgaatcttgcagtctgtattgctacattaatgggcacagcaggcctaatgggcaCtg 
781 ---------+---------+---------+---------+---------+---------+ 840 
tctacttagaacgtcagacataacgatgtaattacccgtgtcgtccggattacccgtgac 
M N L A V C I A T L M G T A G L M G T A 
ctgttgcggctgataacttagctgaattccatgtacaaaaccaagaatgtgatagctgcc 
841 ---------+---------+---------+---------+---------+---------+ 900 
gacaacgccgactattgaatcgacttaaggtacatgttttggttcttacactatcgacgg 
V A A D N L A E F H V Q N Q E C D S C H 18 * * * * * * * * * * * * * 
atacaccagatggtgaactgtcaaacgacagcttaacctatgaaaatacccaatgcgtat 
901 ---------+---------+---------+---------+---------+---------+ 960 
tatgtggtctaccacttgacagtttgctgtcgaattggatacttttatgggttacgcata 
19 T P D G E L S N D S L T Y E N T Q C V S 38 
cttgccatggcacacttgctgaagtagctgaaaccacaaaacatgaacattataatgctc 
961 ---------+---------+---------+---------+---------+---------+ 1020 
gaacggtaccgtgtgaacgacttcatcgactttggtgttttgtacttgtaatattacgag 
39 C H G T L A E V A E T T K H E H Y N A H 58 
atgcttctcatttccctggcgaagtagcttgtacctcatgccacagcgcacacgaaaaat 
1021 ---------+---------+---------+---------+---------+---------+ 1080 
tacgaagagtaaagggaccgcttcatcgaacatggagtacggtgtcgcgtgtgcttttta 
59 A S H F P G E V A C T S C H S A H E K S 78 
cgatggtgtattgtgactcttgccacagcttcgatttcaacatgccttatgctaaaaaat 
1081 ---------+---------+---------+---------+---------+---------+ 1140 
gctaccacataacactgagaacggtgtcgaagctaaagttgtacggaatacgatttttta 
79 M V Y C D S C H S F D F N M P Y A K K W 98 
ggctacgtgacgagccgactattgctgaattggccaaagacaaatcagaacgtcaggctg 
1141 ---------+---------+---------+---------+---------+---------+ 1200 
ccgatgcactgctcggctgataacgacttaaccggtttctgtttagtcttgcagtccgac 
99 L R D E P T I A E L A K D K S E R Q A A118 
ctcttgctagcgcacctcacgatactgttgacgtagtggttgtcggttctggcggcgcag 
1201 ---------+---------+---------+---------+---------+---------+ 1260 
gagaacgatcgcgtggagtgctatgacaactgcatcaccaacagccaagaccgccgcgtc 
119 L A S A P H D T V D V V V V G S G G A G138 
gtttctcagcggcaatatcagcaacagacagtggtgctaaagtcattcttattgaaaaag 
1261 ---------+---------+---------+---------+---------+---------+ 1320 
caaagagtcgccgttatagtcgttgtctgtcaccacgatttcagtaagaataactttttc 
139 	F S A A I S A TD S G A K V I L I E K E158 
agcctgttattggtggtaatgctaagttagctgcgggtggcatgaacgctgcttggactg 
1321 ---------+---------+---------+---------+---------+---------+ 1380 
tcggacaataaccaccattacgattcaatcgacgcccaccgtacttgcgacgaacctgac 
159 P V I G G N A K L A A G G M N A A W T D178 
69 
atcaacaaaaagccaaaaaaattactgacagcccagagttaatgttcgaagaCaCCatga 
1381 ---------+---------+---------+---------+---------+---------+ 1440 
tagttgtttttcggtttttttaatgactgtcgggtctcaattacaagcttctgtggtaCt 
179 Q Q K A K K I T D S P E L M F E D T H K198 
aaggtggccaaaacataaatgaccctgcattagttaaagtattaagctcacactctaaag 
1441 ---------+---------+---------+---------+---------+---------+ 1500 
ttccaccggttttgtatttactgggacgtaatcaatttcataattcgagtgtgagatttc 
199 G G Q N I N D P A L V K V L S S H S K D218 
actctgttgattggatgaccgctatgggtgccgatttaactgatgttggcatgatgggtg 
1501 ---------+---------+---------+---------+---------+---------+ 1560 
tgagacaactaacctactggcgatacccacggctaaattgaCtaCaaCCgtaCtaCCCaC 
219 S V D W H T A M G A D L T D V G M M G G238 
gcgcatctgttaatcgtgcgcatcgtccaaccggtggtgcgggtgttggtgctcatgttg 
1561 ---------+---------+---------+---------+---------+---------+ 1620 
cgcgtagacaattagcacgcgtagcaggttggccaccacgcccacaaCCaCgagtaCaaC 
239 A S V N R A H R P T G G A G V G A H V V258 
ttcaagtactttatgataatgcagtgaaacgcaatatcgacttacgcatgaacactcgcg 
1621 ---------+---------+---------+---------+---------+---------+ 1680 
aagttcatgaaatactattacgtcactttgcgttatagctgaatgcgtacttgtgagcgc 
259 Q V L Y D N A V K R N I D L R M N T R G278 
gcattgaagtgcttaaagatgataaaggcactgttaaaggtattctggttaaggggatgt 
1681 ---------+---------+---------+---------+---------+---------+ 1740 
cgtaacttcacgaatttctactatttccgtgacaatttccataagaccaattcccctaca 
279 I E V L K D D K G T V K G I L V K G M Y298 
acaaaggttactactgggtgaaagccgatgcggtaatcttagcaacgggtggtttcgcta 
1741 ---------+---------+---------+---------+---------+---------+ 1800 
tgtttccaatgatgacccactttcggctacgccattagaatcgttgcccaccaaagcgat 
299 K G Y I W V K A D A V I L A T G G F A K318 
aaaataacgagcgtgtcgcaaagcttgatccttcactaaaaggctttatctctactaacc 
1801 ---------+---------+---------+---------+---------+---------+ 1860 
ttttattgctcgcacagcgtttcgaactaggaagtgattttccgaaatagagatgattgg 
319 N N E R V A K L D P S L K G F I S T N Q338 
aacctggtgcagtaggtgatggactggatgtagctgaaaatgcgggtggcgcattgaaag 
1861 ---------+---------+---------+---------+---------+---------+ 1920 
ttggaccacgtcatccactacctgacctacatcgacttttacgcccaccgcgtaactttc 
339 P G A V G D G L D V A E N A G G A L K D358 
acatgcagtatatccaagctcacccaacactatctgttaaaggtggcgtaatggtcactg 
1921 ---------+---------+---------+---------+---------+---------+ 1980 
tgtacgtcatataggttcgagtgggttgtgatagacaatttccaccgcattaccagtgac 
359 N Q I I Q A H P T L S V K G G V M V T E378 
aagcggtacgtggtaatggtgcgattttggttaaccgtgaaggtaagcgtttcgttaacg 
1981 ---------+---------+---------+---------+---------+---------+ 2040 
ttcgccatgcaccattaccacgctaaaaccaattggcacttccattcgcaaagcaattgc 
379 A V R G N G A I L V N R E G K R F V N E398 
70 
aaattactactcgtgataaagcatctgccgctatcttagcgcaaaccggtaaatCagCtt 
2041 ---------+---------+---------+---------+---------+---------+ 2100 
tttaatgatgagcactatttcgtagacggcgatagaatcgcgtttggccatttagtCgaa 
399 I T T R D K A S A A I L A Q T G K S A Y418 
atttgatttttgatgattctgtgcgtaagtcactgtcaaaaattgataagtatattggtt 
2101 ---------+---------+---------+---------+---------+---------+ 2160 
taaactaaaaactactaagacacgcattcagtgacagtttttaactattcatataaccaa 
419 L I F D D S V R K S L S K I D K Y I G L438 
taggtgttgcaccaacggcagatagcctagttaaattaggtaaaatggaaggtattgacg 
2161 ---------+---------+---------+---------+---------+---------+ 2220 
atccacaacgtggttgccgtctatcggatcaatttaatccattttaccttccataactgc 
439 G VA P TAD S L 	K 	G K M E G ID G458 
gcaaagcactgactgaaactgtcgcgcgttacaacagcttagtgagtagcggtaaagaca 
2221 ---------+---------+---------+---------+---------+---------+ 2280 
cgtttcgtgactgactttgacagcgcgcaatgttgtcgaatcactcatcgccatttCtgt 
459 K A L T E T V A R Y N S L V S S G K DT478 
ctgattttgagcgtccaaacctaccgcgcgcacttaacgaaggtaactactatgcaattg 
2281 ---------+---------+---------+---------+---------+---------+ 2340 
gactaaaactcgcaggtttggatggcgcgcgtgaattgcttccattgatgatacgttaac 
479 D F E R P N L P R A L N E G N Y Y A I E498 
aagttacacctggtgttcaccacactatgggtggcgtgatgatcgacactaaagctgaag 
2341 ---------+---------+---------+---------+---------+---------+ 2400 
ttcaatgtggaccacaagtggtgtgatacccaccgcactactagctgtgatttcgacttc 
499 V T P G V H H T H G G V M I D T K A E V518 
tcatgaatgctaagaagcaggttatccctggcttgtatggtgctggtgaggttactggcg 
2401 ---------+---------+---------+---------+---------+---------+ 2460 
agtacttacgattcttcgtccaatagggaccgaacataccacgaccactccaatgaccgc 
519 N N A K K Q V I P G L Y G A G F V T G G538 
gtgttcatggtgctaaccgcttaggtggtaatgctatttcagacatcatcaccttcggtc 
2461 ---------+---------+---------+---------+---------+---------+ 2520 
cacaagtaccacgattggcgaatccaccattacgataaagtctgtagtagtggaagccag 
539 V H G A N R L G G N A I S D I I T F G R558 
gcttagcgggtgaagaagctgcaaaatattctaaaaagaactaatcgatttagaattcac 
2521 ---------+---------+---------+---------+---------+---------+ 2580 
cgaatcgcccacttcttcgacgttttataagatttttcttgattagctaaatcttaagtg 
559 L A G E E A A K Y S K K N 	 571 
tgactcgctagtatcagtaagccacagttcattgctgtggctttttttatgcgtcaatat 
2581 ---------+---------+---------+---------+---------+---------+ 2640 
actgagcgatcatagtcattcggtgtcaagtaacgacaccgaaaaaaatacgcagttata 
ctccatacctatcgaattaacctcaactaggggtagagatgagaatagaattataaagat 
2641 ---------+---------+---------+---------+---------+---------+ 2700 
gaggtatggatagcttaattggagttgatccccatctctactcttatcttaatatttcta 
attaagcttagccattaaccactctcaaacttgtcatttgttttactaacaaggcgaatt 




2761 ---------+---------+---------+---------+---------+---------+ 2820 
ttgggcagttatcgaccggataacgttcagaagagtacattttttattgcgtcaatCgtt 
gacaaagggctgtttgcgaggcgtttgttatctcgagttctggttaattaatgcataatc 
2821 ---------+---------+---------+---------+---------+---------+ 2880 
ctgtttcccgacaaacgctccgcaaacaatagagctcaagaccaattaattacgtattag 
gatggcactgaaaattttgcattaactcattagctaatttacaacgctcattcactggct 
2881 ---------+---------+---------+---------+---------+---------+ 2940 
ctaccgtgacttttaaaacgtaattgagtaatcgattaaatgttgcgagtaagtgaccga 
aatttacaaagctatcaaaggataataatgaaacagtctatagttcacatcgcgctagtg 
2941 ---------+---------+---------+---------+---------+---------+ 3000 
ttaaatgtttcgatagtttcctattattactttgtcagatatcaagtgtagcgcgatcac 
M K Q S 	V H IA L  
gtgaatgattacgatgaagccatcgatttttatgttaataaattgaagtttgatttaatt 
3001 ---------+---------+---------+---------+---------+---------+ 3060 
cacttactaatgctacttcggtagctaaaaatacaattatttaacttcaaactaaattaa 
gaagac ac Ct at caagc agaac aagac aaacgctgggttgtggtgt cgc ctc cggggt c a 
3061 ---------+---------+---------+---------+---------+---------+ 3120 
cttctgtggatagttcgtcttgttctgtttgcgacccaacaccacagcggaggccccagt 
EDT Y Q A E 	D KR WV V VS PP G S 
aacggagtctcgttgctgctagcaagggcatcaaaaccagagcagcatgattttattggt 
3121 ---------+---------+---------+---------+---------+---------+ 3180 
ttgcctcagagcaacgacgatcgttcccgtagttttggtctcgtcgtactaaaataacca 
N G V S L L LA R A S K P E 	H D FIG 
aaccaagccggcggacgggtatttctttttttgaataccgacgatttttggcgcgactat 
3181 ---------+---------+---------+---------+---------+---------+ 3240 
ttggttcggccgcctgcccataaagaaaaaaacttatggctgctaaaaaccgcgctgata 
N Q AG G R V FL FL NT D D F W RD Y 
aaccgcatgcaactcgatgggattaagtttgtgcgtccgcctcaagagcaagactacggc 
3241 ---------+---------+---------+---------+---------+---------+ 3300 
ttggcgtacgttgagctaccctaattcaaacacgcaggcggagttctcgttctgatgccg 
N R M Q L D G 1K F V R PP Q E 	D 	G 
acagtggcagtttttgaagatctatacggcaatctttgggacttactgcagttaaatgat 
3301 ---------+---------+---------+---------+---------+---------+ 3360 
tgtcaccgtcaaaaacttctagatatgccgttagaaaccctgaatgacgtcaatttacta 
TV A V FED L Y G N LW DL L Q L ND 
aagcagccaatatagataattaatccacaaaactagccaaatcctaaccaaacatttgat 
3361 ---------+---------+---------+---------+---------+---------+ 3420 
ttcgtcggttatatctattaattaggtgttttgatcggtttaggattggtttgtaaacta 
K Q P1 
72 
tccgacacatagggaaaaagcgtttttcattttatgctgactaactaaacCaCaCataCt 
3421 ---------+---------+---------+---------+---------+---------+ 3480 
aggctgtgtatccctttttcgcaaaaagtaaaatacgactgattgatttggtgtgtatga 
gcaagctaactaacataaaaaagccagttggaatatccaactggcttaatcaaaacCgtC 
3481 ---------+---------+---------+---------+---------+---------+ 3540 
cgttcgattgattgtattttttcggtcaaccttataggttgaCCgaattagttttggCag 
actctatttcagagccggtatatgtgctgtagcactattaCaaagCaaatttataataga 
3541 ---------+---------+---------+---------+---------+---------+ 3600 
tgagataaagtctcggccatatacacgacatcgtgataatgtttcgtttaaatattatCt 
LA F KY Y 
cgtaaaaacgagtgtcagttaagtcgtcgtcagttgagtagttaaCtatggCgtgaCgCg 
3601 ---------+---------+---------+---------+---------+---------+ 3660 
gcatttttgctc acagtcaattcagcagcagtc aactcatcaattgataccgcactgcgc 
V Y FR T D T L D D D T S Y N VIA HR 
cgcgtacactcaggccgtcgacatatttagccaggtcgtacaccactgaaaagtcggttt 
3661 ---------+---------+---------+---------+---------+---------+ 3720 
gcgcatgtgagtccggcagctgtataaatcggtccagcatgtggtgacttttCagCCaaa 
AR VS L G 	V Y K AL D 	V V S F D T 
cgtcgatgtctttgcttgagtcgccatcaatttcatagctagcccagttaagatatgtgC 
3721 ---------+---------+---------+---------+---------+---------+ 3780 
gcagctacagaaacgaactcagcggtagttaaagtatcgatCgggtCaattCtataCaCg 
ED ID KS SD G 	I E Y SAWN L Y T 
taacgccgcttagtgctgagtcgggtgaaaaattataagcgagttgagcaccgtagcCgt 
3781 ---------+---------+---------+---------+---------+---------+ 3840 
attgcggcgaatcacgactcagcccactttttaatattcgctcaactcgtggcatcggCa 
S V G S LAS D PS F NY AL Q AG Y G 
cttcgttagcacgtgatgactgaaccacttgttgaataatcactttttcatcgccaaatg 
3841 ---------+---------+---------+---------+---------+---------+ 3900 
gaagcaatcgtgcactactgacttggtgaacaacttattagtgaaaaagtagcggtttac 
DEN AR SSO V V 0011 V K ED G F 
gagccactacgtcgccatcgccagtggtcacatacttaaatgtggcatcaaatccgttcc 
3901 ---------+---------+---------+---------+---------+---------+ 3960 
ctcggtgatgcagcggtagcggtcaccagtgtatgaatttacaccgtagtttaggcaagg 
PA V V D G 	G T TV Y K F TAD F G N 
atttcatccctaaatggaagcctgcttggtaagtgtcgaattgtgcagcgctttggtcta 
3961 ---------+---------+---------+---------+---------+---------+ 4020 
taaagtagggatttaccttcggacgaaccattcacagcttaacacgtcgcgaaaccagat 
W K MG L H F GAO Y T D F 0 A A SOD 
gcagacctgtagagtcttgttttaaataagacggaatgaaataccagttggcggcaccca 
4021 ---------+---------+---------+---------+---------+---------+ 4080 
cgtctggacatctcagaacaaaatttattctgccttactttatggtcaaccgccgtgggt 
L L G T SD OK L Y 5 P1 F Y W,N A AG 
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tttcaccgctcatatctaatttaacatgatactggttgtacacatcttccattgagtagt 
4081 ---------+---------+---------+---------+---------+---------+ 4140 
aaagtggcgagtatagattaaattgtactatgaccaacatgtgtagaaggtaactcatCa 
M E G S 	DL K V H Y Q NY V D EMS Y 
accacaagctagttttagcttttaccgactctaacggtagattgtaatctaaacctaaag 
4141 ---------+---------+---------+---------+---------+---------+ 4200 
tggtgttcgatcaaaatcgaaaatggctgagattgccatctaacattagatttggatttc 
Y W L ST K A K V S EL? L NY DL G L 
cgtaaatagggttgtcttctacatcgatgaacacgcccttacgtgcaaattcacctcgga 
4201 ---------+---------+---------+---------+---------+---------+ 4260 
gcatttatcccaacagaagatgtagctacttgtgcgggaatgcacgtttaagtggagcct 
A YIP ND E V DI F V G KR A FE G R 
taccatcagccacactagcaaactcttcgttagtccaacccatgtagtcagtgatataca 
4261 ---------+---------+---------+---------+---------+---------+ 4320 
atggtagtcggtgtgatcgtttgagaagcaatcaggttgggtacatcagtcactatatgt 
I G 	A V SAFE EN T W GM Y D TI Y 
gtgctgatacgcccaagttctcaattgaggtatttttaatactggcaccacgatacgtga 
4321 ---------+---------+---------+---------+---------+---------+ 4380 
cacgactatgcgggttcaagagttaactccataaaaattatgaccgtggtgctatgcact 
LAS V G L N El ST N K I S A G R Y T 
acgggattgctcttaatggaaacgggttcatcataggtgtacgtaactcttgagcaccaa 
4381 ---------+---------+---------+---------+---------+---------+ 4440 
tgccctaacgagaattacctttgcccaagtagtatccacatgcattgagaactcgtggtt 
F P1 AR L P F P N MM? T R LEO AG 
ccactattttggtgtcataccaattaccgctaacaaagtattcttgtaaacggttaactg 
4441 ---------+---------+---------+---------+---------+---------+ 4500 
ggtgataaaaccacagtatggttaatggcgattgtttcataagaacatttgccaattgac 
V V 1K T D 	W N G S V F YE 0 L RN V 
atgtacgttctaccacagagcctggtgctcctccaccaacaagtccgtacagaccatcat 
4501 ---------+---------+---------+---------+---------+---------+ 4560 
tacatgcaagatggtgtctcggaccacgaggaggtggttgttcaggcatgtctggtagta 
S T R E V V S G P A G G G V L G Y LG D 
cgtttgcatcccaaattgggttagctgaagcaaatgaactgccaaacgttgcatgc 
4561 ---------+---------+---------+---------+---------+------ 4616 
gcaaacgtagggtttaacccaatcgacttcgtttacttgacggtttgcaacgtacg 
DNA D WI P N A S A F SS G F TA H 
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initiation site for translation of the protein. Since flavocytochrome c is a periplasmic 
protein, it is predicted that the most probable initiation site is 25 codons upstream from 
the N-terminal alanine, as this would give rise to a typical bacterial secretory signal 
sequence (von Heijne, 1 986a,b). This predicted signal sequence is 25 amino acids in 
length with two positively charged residues at the N-terminus followed by a 
hydrophobic region and a signal peptidase cleavage site prior to Mal. Initiation at any 
of the other methionines would not result in a recognisable periplasmic signal 
sequence. 
The partial clone obtained by Black terminated with the codon for residue 
Asp327. This explains her conclusion that the Fcc protein was unrelated structurally to 
the other fumarate reductases except in its flavin binding motif, since not all of the 
proposed active site residues are contained in this portion of the amino acid sequence. 
However, from the complete amino acid sequence it can be seen that the flavin domain 
of Fcc (residues 118-571) exhibits extensive sequence similarity with the flavin 
subunits of other fumarate reductases and succinate dehydrogenases and is clearly a 
member of this family of proteins. It was aligned with a number of proteins from this 
family using the multiple alignment program PILEUP which produces a dendrogram 
(Fig. 3.8) of the relatedness of a group of proteins as well as an optimised alignment 
(Fig. 3.9). Apart from known fumarate reductases and succinate dehydrogenases, 
another protein sequence was found in the databases which had extensive sequence 
identity with flavocytochrome c. This was the product of the Saccharomyces 
ccrevisiae OSM1 gene (Melnick and Sherman, 1990). Mutations in this gene cause 
sensitivity to high osmolarity in the external medium. The function of the protein 
(Osmip) was not at that time known and the published sequence indicated that OSM1 
encoded a product of 301 amino acid residues. However, one of the other reading 










Figure 3.8: Family tree of the fumarate reductases and succinate 
dehydrogenases. The dendrogram shows the output of the UWGCG program 
PILEUP, indicating clusters on the basis of sequence similarity. Osmip and 
flavocytochrome c represent the deduced amino-acid sequences of the OSM1 
andfcc genes respectively. xxS represents an SdhA sequence and xxF, an FrdA 
sequence from the following organisms: Ec, E. coli; Pv, P. vulgaris; Sc, S. 
cerevisiae; Ws, W. succinogenes; Bs, B. subtiis. The more closely related 
sequences are joined by branches towards the right of the figure, for example 
FrdA from E. coli and P. vulgaris. The diagram shows that flavocytochrome c is 
more closely related to Osmip than to the other members of the family. 
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f 	 + 
Fcc . .ALASAPHD TVDVVVVGSG GAGFSAAISA TDS. .GAKVI LIEKEPVIGG NAKIAAGGMN AAWT000KAK KITDSPEIMF EDTMKGGQNI NDPALVKVLS SHSKDSVDWM 223 
OSM1 ........SM KOPVVVIGSG LAGLTTSNRI !SK.YR!PVV LLDKAASIGG NSIKASSGIN GAHTDTQONL KVMDTPELFL KDTFDSAKGR GVPSLMDKLT KESKSAIRWL 132 
EcF ......MQTF QADIAIVGAG GAGLRAAIAA AQANPNAKIA LISKVYPMRS HTVAAEGG.S AAVAQDH ... ... DSFEYHF HDTVAGGDWL CEQDVVDYFV HHCPTEMTQL 97 
PvF ......MQTF NADIAIIGAG GAGLRAAIAA AEANPQLKIA LISKVYPMRS HTVAAEGG.S AAVTQAH ... ... DSYDFHF NDTVSGGDWL CEQDVVDYFV EHCPTEMTQL 97 
ScS ADGKYHIIDH EYDCVVIGAG GAGIRAAFGL AEAG. .YKTA CISKLFPTRS HTVAAQGGIN AALGNMHK .. ... DNWKWHM VDTVKGSDWL GDODSIHYMT REAPKSIIEL 144 
EcS . . . .MKLPVR EFDAVVIGAG GAGIARALQI SQSG. .QTCA LLSKVFPTRS HTVSAQGGIT VALGNTHE.....DNWEWHM YDTVKGSDYI G000AIEYMC KTGPEAILEL 89 
WsF ......MKVO YCDSLVIGGG LAGLRAAVAT 00KG.. LSTI VLSL!PVKRS HSAAAQGGMQ ASLGNSKMSD G .DNEDLHF MDTVKGSDWG CDQKVARMFV NTAPKAIREL 100 
BsS .........S OSSIIVVGGG LAGIMATIKA AESGMAVK.. LFSIVPVKRS HSVCAQGGIN GAVNTKGEG. ...DSPWEHF DDTVYGGDFL ANOPPLKAMC EAAPSIIHLL 95 
* ** 	 * * 	 * 	** 
Fcc ............................ TA MGADLTDVGM MGGASVNRA. ..... HRPTG GAGVGAHVVO VLYDNAVK .. ..... RNIDL RMNTRGIEVL KDDKGTVKGI 292 
OSM1 0 ......... .......... ........ TE FDLKIDLLAQ IGGHSVPRT. ..... HRSSG KLPPGFEIVQ ARLSKKLKDI SSKDSNLVQI MLEVVDIEL. .DNQGHVTGV 207 
EcF ELWGCPWSRR PDGS ...... .......... ..... VNVRR FGGMKIE ... ..... RTWFA ADKTGFHMLH TLFQTSLQF. ..... POIOR FDEHFVLDIL .VDDGHVRGL 171 
PvF EIWGCPWSRK EDGS ...... .......... ..... VNVRR FGGMKIE ... ..... RTWFA ADKTGFKMLFI TLFOTSLKY. ..... POIOR FDEHFVLDIL .VDEGHARGV 171 
ScS EHYGVPFSRT EP4GK ...... .......... ..... IYQRA FGGQTKEYGK GAQAYRTCAV ADRTGHALLN TLYGOALR .. ..... HDTHF FIEYFALDLL .THNGEVVGV 225 
EcS EHMGLPFSRL DDGR ...... .......... ..... IYORP FGGQSKNFG GEQAARTAAA ADRTGHAIIH TLYQQNLK .. ..... NHTTI FSEWYALDLV KNODGAVVGC 170 
WsF AAWGVPWTRI HKGDRMAIIN AQKTTITEED FRHGIIHSRD FGGTKK .... .... WRTCYT ADATGHTMLF AVANECIKI . ....... GVS IODRKEAIAL IHQDGKCYGA 194 
BsS DRMAVMFNRT PEG ....... .......... .... LLDFRR FGGT ...... .. QHHRTAYA GATTGQQLIY ALDEQVRRYE VAGLVTKYE. . .GWEFLGAV LDDDRTCRGI 173 
** * 
+ + 
Fcc LVKG.NYKGY YWVKADAVIL ATGGFAKNNE RVAKLDPSLK GFISTNOPGA VGDGLDVAEN AG.GALKDMO YIQAHPTLSV KGGV ...... .MVTEAVRGN GAILVNR.EG 392 
OSM1 VYMD.ENGNR KIMKSHHVVF CSGGFGYSKE MLKEYSPNLI HLPTTNGKQT TG000KILSK LG.AELIDMD OVQVHPTGFI DPNDRENNWK FLAAEAIRGL GGILLHPTTG 315 
EcF VAMNMMEGTL VQIRANAVVM ATGGAGR ... ......... V YRYNTNGGIV TGDGMGMALS HGVP.IRDME FVQYHPTGIP GSGI ...... . LMTEGCRGE GG.ILVNKNG 260 
PvF VAINMMEGTK VOIRANAVIM ATGGAGR ... ......... V YRFNTNGGIV TGDGMGIALR HGVP.LRDME FVQYHPTGIP GSGI ...... . LMTEGCRGE GG.ILVNKDG 260 
ScS IAYNOEDGTI HRFRAHKTII ATGGYGR ... ......... A YFSCTSAHTC TGDGNAMVSR AGFP.LQDLE FVQFHPSGIY GSGC ...... .LITEGARGE GG.FLVNSEG 314 
EcS TAICIETGEV VYFKARATVL ATGGAGR ... ......... I YQSTTNAHIN TGDGVGMAIR AGVP.VQDME MWQFKPTGIA GAGV ...... .LVTEGCRGE GG.YLLNKHG 259 
WsF VVRDLVTGDI IAYVAKGTLI ATGGYGR ... ......... I YKNTTNAVVC EGTGTAIALE TGIAOLGNME AVOFHPTPLF PSGI ...... . LLTEGCRGD GG.ILRRCGW 284 
BsS VAONLTNMQI ESFRSDAVIM ATGGPGI ... ......... I FGKSTNSMIN TGSAASIVYQ QG.AYYANGE FIOIHPTAIP GDDKLR .... .LMSESARGE GGRV11TYKDG 264 
** * * * *** * 	** * 
Fcc KRFVNEITTR DKASAAILAQ TGKS ... AYL IFDDSVRKSL SKIDKYIGLG VAPTADSLVK LGKMEGIDGK ALTETVARYN SLVSSGKDTD FERPNLPRAL N.....EGNY 494 
OSM1 RRFTNELSTR DTVTMEIOSK CPKNDNRALL VMSDKVYENY TNNINFYMSK NLIKKVSIND LIROYDIQTT A.SELVTELK SYSDVNTKDT FDRPLIINAF DKDISTESTV 424 
EcF YRYLODYGMG PETPLGEPKN KYME ...... .......... ...... LGPR DKVSQAFWHE WRKGNTISTP RGDWYLDLR HLGEKKIHER L. .PFICELA KAYVGVDPVK 346 
PvF YRYLODYGLG PETPIGKPEN KYME ...... .......... ...... LGPR DKVSQAFWHE WRAGRTIKTH RGDVVHIDIR HLGAKKLHER 1. .PFICELA KAYVGVDPVN 346 
ScS ERFMERYAPT AKD ....... .......... .......... ...... LACR DVVSRAITME IREGRGV.GK KKDHMYLQLS HLPPEVLKER 1. .PGISETA AIFAGVDVTK 388 
EcS ERFMERYAPN AKD ....... .......... .......... ...... LAGR DVVARSIMIE IREGRGCDGP WGPHAKLKLD HIGKEVLESR 1. .PGIIELS RTFAHVDPVK 334 
WsF TPIHADYEPE KKE ....... .......... .......... ...... LASR DVVSRRMIEH IRKGKGVOSP YGQHLWLDIS ILGRKIIIETN L. .RDVOEIC EYFAGIDPAE 359 
BsS KPWYFLEEKY PAYGN ..... .......... .......... ...... LASR DVVSRRMIEH IRKGKGVQSP YGQHLWLDIS HKDPKELDIK L..GGIIEIY EKFMGDDPRK 341 
Fcc YAIEVTPGVH HTMGGVMIDT KAEVM ..... NAKKQVIPGL YGAGEVTG.G VHGANRLGGN AISDIITFGR LAGEEAAKYS KKN ....... .......... .......... 571 
OSM1 YVGEVTPVVII FTMSGVKINE KSQVIKKN .SETLLSNGI FAAGEVSG.G VHGANRLGGS SFV ....... .......... .......... .......... .......... 483 
EcF EPIPVRPTAH YTMGGIETDQ NCET ...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELWFGR LAGEQATER. AATAGNGNEA A... IEAQAA GVEQRLKDLV 441 
PvF EPIPVRPTAH YTMGGIETNQ RTET ...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELVVFGR LAGEEAVRR. AQEATPANAS A ... LDAOTR DIEDNLKKIM 441 
ScS EPIPIIPTVH YNMGGIPTKW NGEALTIDEE TGEDKVIPGL MACGEAACVS VHGANRLGAN SLLDLVVFGR AVAHTVADT. LQPGLPHKPL P ... SDLGKE SI.ANLDKLR 493 
EcS EPIPVIPTCH YMMGGIPTKV TGQALTVNEK .GEDVVVPGL FAVGEIACVS VHGANRLGGN SLLDLVVFGR AAGLHLQES. IAEQGALRDA S ... ESDVEA S1.DRLNRWN 438 
WsF KWAPVLPMQH YSMGGIRTDY RGEA ...... ..... KIKGL FSAGEAACWD MHGFNRLGGN SVSEAVVAGM IVGEYFAEHC ANTQVDLETK 1.. .LEKFVK GQEAYMKSIV 455 
BsS LPMKIFPAVH YSMGGLWVDY DOMT ...... ..... NIPGL FAAGECDY.S MHGGNRLERT SILSAIYGGM VAGPNAVKYV NGLESSAEDM SSSLFDAHVK KEEEKWADIM 439 
* ** 	 * 	** 
-1 
EcF NQDGGENWAK IRDEMGLAME EGCGIYRTPE LMQKTIDKLA ELQERFKRVR ITDTSSVFNT DLLYTIELGH GLNVAECMAH SAMARKESRG AHQRLDEGCT ERDDVNFLKH 551 
PvF NQKGSENWAQ IRDEMGEAME EGCGIYRTPE LMQKTIDKLT ELKERFKHVE IKDTSSVFNT DLLYKIELGF GLDVAECMAH SAFNRKESRG AHQRLDEGCT ERDDVNFLKH 551 
ScS NANGSRSTAE IRMNMKQTMQ KDVSVFRTQS SLDEGVRNIT AVEKTFDDVK TTDRSM!WNS DIVETLELQN LLTCASQTAV SAANRKESRG AHARED. .YP NRDDEHWMKH 601 
EcS NNRNGEDPVA IRKALQECMQ HNFSVFREGD AMAKGLEQLK VIRERLKNAR LDDTSSEFNT QRVECLELDN LMETAYATAV SANFRTESRG AHSRFD. . FP DRDDENWLCH 546 
WSF ESKGTEDVFK IKNRMKDVMD DNVGIFRDGP HLEKSVKELE ELYKKSKNVG IKNKRLHANP ELEEAYRVPM MLKVALCVAK GALDRTESRG AHNRED. .YP KRDDINWLNR 563 
BsS IMDGTENAYV LHKELGEWMT ANVTVVRHND KLLKTDDKIQ ELMERFKKIN INDTTKWSNQ GAMFTRQFSN MLQLARVITL GAYNRNESRG AHYKPD. .YP ERNDDEWLKT 547 
EcF TLAFRDADGT I ......... R1EYDVKIT TLPPAKRVYG GEADAADKAE AANKKEKANG ...................................... 602 
PvF TLAFVNPEGA P ......... RLEYSDVKIT KSAPAKRVYG GEATAQOK.. . .QNKEKANG ...................................... 598 
ScS TLSWQKDVAA PVTLKYRRVI DHTLDEKECP SVPPTVRAY . .......... .......... .......... .......... .......... ........ 	640 
EcS SLYLPESESM I ..... RRSV N. .MEPKLRP AFPPKIRTY . .......... .......... .......... .......... .......... ........ 578 
WsF TLASWPNPEQ IL ..... P11 EYEALDVNEM EIAPRYRGYG AKGNYIENPL SVKRQEEIDK !QSELEAAGK DRHAIQEAIM PYELPAKYKA RNERLGDK 656 
BsS TMAKHVSPYE AP ........ EFEYQDVDVS LITPRKRDYS KKKVAK .... .......... .......... .......... .......... ........ 	 585 
Figure 3.9: Sequence alignment of the fumarate reductase family. The sequences are labelled as follows: Fee, flavocytochrome C; 
OSM1, the yeast Osmi protein (Melnick & Sherman, 1990); EcF, E. coli FrdA (Cole, 1982); PvF, P. vulgaris FrdA (Cole, 1987); ScS, 
S.cerevisiae SdhA (Chapman et al., 1992; Robinson & Lemire, 1992); EcS, E. coli SdhA (Wood et al.,1984); WsF, Wolinelia 
succinogenes FrdA (Lauterbach et al., 1990); and BsS, Bacillus subti!is SdhA (Phillips et al., 1987). The sequences were aligned using 
00 the program PILEUP in the University of Wisconsin Genetics Computer Group (UWGCG) package. This program first compares all 
possible pairs of sequences and groups these in clusters according to their pairwise sequence similarity. The alignment begins with 
the most similar sequences which are aligned within the cluster, and these are then extended by alignment with further sequences 
and other clusters. The FAD-binding regions are overlined, and the position of the histidine to which FAD is covalently attached in 
some of the proteins is indicated above by the letter f. Residues conserved in all 8 sequences are indicated with an asterisk (*) below 
the alignment, and the residues implicated in the active site are marked with a plus (+) above the alignments. The sequence of the 
OSM1 protein is identical to that translated from the published DNA sequence up to his280, then continues in the +1 reading frame. 
This sequence has been confirmed (L. Melnick: personal comunication to GAR; also see text). The signal sequence and cytochrome 
domain of flavocytochrome c, the extreme N-terminus of the OSM1 protein and the mitochondrial targetting sequence from yeast 
succinate dehydrogenase are omitted from the alignment. 
residues, and it has since been confirmed that a single C had been omitted from codon 
281 (L. Melnick: Personal communication to GAR). In the alignment dendrogram it 
can be seen that flavocytochrome c is more closely related to Osmip (29% identity) 
than to the membrane-bound enzymes, although the relationship with these latter 
proteins is clear (Table 3.1). 
Since there is such similarity between the flavin domain of the Fcc protein and 
the other flavoproteins it is probable that it will adopt a similar folding pattern, and that 
the cytochrome domain, showing no similarity would fold independently. Similarly, the 
flavoprotein subunits of the membrane-bound enzymes extend approximately 200 
residues beyond the length of flavocytochrome c and this would therefore be expected 
to fold as a separate domain. A schematic representation is shown (Fig. 3.10). 
3.2.5. Other ORFs 
Three further open reading frames, apart from that of the flavocytochrome c 
gene, are found within the total cloned sequence. One of these (ORF1) has opposite 
polarity compared withfcc and extends for 123 codons to one end of the cloned DNA 
and presumably beyond. It has no apparent homologues in the sequence databases. 
Downstream from the flavocytochrome c coding sequence is a reading frame of 132 
codons extending through the Bgill site (ORF2), the predicted protein sequence of 
which exhibits some similarity to the E. coil FrdD (13kDa) subunit (Fig. 3.11). It is 
unclear whether fcc and ORF2 are cotranscribed or transcribed separately, although 
the latter may be more likely due to the spacing of about 400 bp between the two 
genes. The third open reading frame (ORF3) which has opposite polarity to fcc and 
ORF2 and is just downstream, has a predicted amino-acid sequence which has no 
apparent homologues in the databases. 
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Table 3.1: The relationship between the flavin domains of the membrane-bound 
family of enzymes and Osmip to the flavin domain of flavocytochrome c 
expressed in terms of the percentage identity. The flavin domains are from the 
following enzymes: Osmlp, the gene product of OSM1 (Melnick & Sherman, 
1991) - a soluble fumarate reductase (see text); EcFR, E. coli fumarate reductase; 
IPvFR, P. vulgaris fumarate reductase; ScSD, S. cerevisiae succinate 
dehydrogenase; EcSD, E. coli succinate dehydrogenase; WsFR, W. succinogenes 
succinatedehydrogenase; BsSD, B. subtilis succinate dehydrogenase. 
signal 	cytochrome 	 C-terminal 
sequence domain FAD domain 	 domain 




Osmip  	 I 
Figure 3.10: The domain structures of flavocytochrome c and its relatives 
were deduced from sequence alignments. Fcc represents flavocytochrome 
C; FrdA, SdhA represents the flavoprotein subunit of the membrane-
bound fuinarate reductases and succinate dehydrogenases; Osmip 
represents the product of the gene OSM1 (Melnick & Sherman, 1990). 
The N-terminal cytochrome domain of flavocytochrome c has no 
equivalent in the other proteins and it is implied that the flavoprotein 
subunits of the membrane-bound enzymes have a C-terminal domain not 
present in flavocytochrome c. Osmip appears to consist soley of the FAD 
domain. 
81 
ORF2 MKQSIVHIAL VVNDYDEAID FYVNKLKFDL IEDTYQAEQD KRWVVVSPPG 
FrdD .......... MINPNPKRSD . . .EPVFWGL FGAG ..... G MWSAIIAPVM 
Cons---------- -- N ------ D ---------L ---------- ------- 
ORF2 SNGVSLLLAR ASKP ...... EQHDFIGNQA GGRVFLFLNT D.DFWRDYNR 
FrdD ILLVGILLPL GLFPGDALSY ERVLAFAQSF IGRVFLFLMI VLPLWCGLHR 
Cons --- V--LL-----P ------ E --------- -GRVFLFL-- ---- 
ORF2 MQ. .LDGIKF VRPPQEQDYG TVAVFEDLYG NLWDLLQLND KQPI 
FrdD MHHAMHDLKI HVPAGKWVFY GLAAILTVVT .LIGVVTI 
Cons M-------K- --P ------- -- A ------- - - -------- ---- 
Figure 3.11: Alignment of the predicted amino-acid sequence of orf2 with FrdD, 
the 13 kiDa membrane subunit from E. coli fumarate reductase produced using 
the University of Wisconsin (UWGCG) program GAP. The consensus (Cons) 
where the two sequences are identical is also shown. 
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3.3 The Fee Protein 
3.3.1 The Cytochrome Domain 
The cytochrome domain of flavocytochrome c comprises approximately 117 
residues at the N-terminus of the mature protein, and contains the four haem binding 
sites with the motif CxxCH. 
It is not unknown for four c-type haem binding sites to be present in such a 
small region of protein. For example, the cytochromes c3 from Desulfovibrio species 
are small proteins with molecular weights of between 11 and 14 kDa and each contains 
4 c-type haems. However it was observed by Black (1991) that, except for the haem 
binding motifs, no other sequence similarity was detected and nor did the haem binding 
motifs align with those of any other multihaem cytochromes so far sequenced. Since 
then the sequence of a tetrahaem cytochrome c from a purple photosynthetic 
bacterium, H-1-R, has been reported (Ambler, 1991) which aligns well with the 
cytochrome domain of flavocytochrome c (Fig. 3.12). The sequences are about 27% 
identical including all four haem binding sites and also another four histidine residues 
outside the CxxCH motif. These are therefore good candidates for the sixth ligands to 
the four haem irons. 
Also, despite the initial apparent differences between the cytochrome domain of 
flavocytochrome c and the cytochromes c 3 from Desu(fovibrio, upon further analysis 
an interesting relationship can be seen. Independent crystal structures of cytochromes 
C3  have been determined to high resolution (Higuchi et a!, 1984; Pierrot et a!, 1982; 
Picarra-Pereira ci a!, 1993) and the sixth ligands to the haem irons have been 
determined (Fig. 3.13a). If the two halves of the cytochrome domain of 
flavocytochrome c are juxtaposed such that the haem order is 3,4,1,2, then the 
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FCC 1 ADNLAEFHVQNQECDSCHTFDGELSNDSLTYENTQCVSCHGTLAEVAETT 50 
H1R 1 advladmhaemsgcetch. adgapsedg. aheaaacadchggladm.... 44 
* 
FCC 51 KHEHYNAHASHFPGEVACTSCHSAHEK.. . SMVYCDSCHSFDFNM 92 
	
.1.:! 	I:.Il.II 	II. 
H1R 45 . .. .eaphpahd.gmlectdchmmhedevgsrpacdachddgrta 84 
* * * 
Figure 3.12 : Sequence alignment of the first 92 residues of flavocytochrome c 
from S. putrefaciens (FCC) with the entire amino-acid sequence of the tetrahaem 
cytochrome c from the purple photosynthetic organism H-1-R (H1R; Ambler, 
1991). The sequences were aligned using the program GAP in the University of 
Wisconsin Genetics Computer Group (UWGCG) package. Dashes indicate 
identical residues and dots, conserved residues. Asterisks mark the four 
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Haem 3 	Haem 4 	 Haem 2 
I 	I 	II 	I II j. 	I 	 I 	II 
kh-h --- H--H ------ C--CH--H-k-m--C--CH ----- m ------- H ----- C--CH ----------------- C--CH--- 
I 1 	II 
Haem 1 
Figure 3.13: (a) A schematic of the sequences of the alignment of the six sequences of cytochromes c3 from Desulfovibrio species. 
Each dash represents one residue except where the numbers of residues differ between species. In these cases the ranges are 
indicated by the boxed numbers. The evidence for the iron coordination comes from independent high-resolution crystal structures 
(Higuchi et a!, 1984;Pierrot et a!, 1982; Picarra-Pereira el a!, 1993). (b) A schematic of the cytochrome domain of flavocytochrome c 
where residues 1-43 and 44-92 have been juxtaposed. A proposed ligation scheme based on that of cytochromes c3 is shown and the 
sixth ligand histidines proposed for flavocytochrome c are those which are also conserved in the tetrahaem cytcochrome c from 
H-1-R (Fig. 3.12). The other possible ligand candidates are shown in lower case letters and residue 1 of the cytochrome domain is 
indicated by an arrow. 
histidines of the cytochrome domain which align with those of the tetrahaem 
cytochrome from H-1-R, now align well with the established histidine ligands to the 
haem irons of cytochromes c3 (Fig. 3.13b). This may indicate a common ancestry, with 
the proteins having diverged via a circular permutation of the DNA. Such events 
appear to have occured in other cases, for example the operons for E. coil flimarate 
reductase and succinate dehydrogenase are related in this manner, with the former 
having the genes in the order ABCD and the latter, CDAB. 
3.3.2. The Flavin Domain 
The flavin domain of flavocytochrome c is the C-terminal portion of the protein 
from approximately residue 118 to 571. The alignment of this domain with the flavin 
subunits of the family of fumarate reductases and succinate dehydrogenases is shown 
in Figure 3.9 
Thirty-six residues are conserved throughout all of the aligned sequences and 
so can be considered to be of specific importance in the functioning of these enzymes. 
These are marked with asterisks in the sequence alignments (Fig. 3.9). However, there 
are also two residues of interest which are not present in Fcc or Osmip but are 
conserved in most or all of the other known members of the family. These are the. 
active site cysteine (residue 248 in EcFR), and the histidine (residue 44 in EcFR) to 
which FAD is covalently attached in the membrane bound enzymes (Fig. 3.9). 
3.3.2.1 FAD Attachment 
Since the FAD is non-covalently attached in Fcc, and presumably in Osmip, 
the histidine to which FAD is covalently bound in the membrane-bound enzymes is not 
required and in both cases has been replaced by an asparagine (Asn164 in Fcc; 
86 
Asn4l in Osmip). The sequence surrounding this residue is also highly conserved in 
the membrane-bound enzymes but is less so in Fcc and Osmip. Other enzymes with 
non-covalently bound FAD such as glutathione reductase and L-aspartate oxidase are 
also very different to the enzymes with covalently-bound FAD in this region. In both 
Fcc and Osmip there is an acidic residue (G1u156 in Fcc and Asp34 in Osmip) the 
homologue of which has been shown to provide binding to the adenine ribose hydroxy 
groups in glutathione reductase (G1u50, Karplus and Shulz, 1987), whereas in the 
enzymes with covalently-bound FAD this residue has been replaced by a serine (ser37 
in EcFR). This difference may reflect a general alteration in the architecture of the 
enzyme depending on whether the FAD is covalently or non-covalently attached. 
3.3.2.2 The Active-site Cysteine 
The active site cysteine was thought to be an essential active site residue since 
modification with N-ethyl maleimide, which was shown to modify this residue, 
inhibited the reaction (Kenney, 1975 Vinogradov el al, 1976). However, when the 
flavoprotein sequence of the succinate dehydrogenase from Bacillus subtilis was 
obtained (Phillips et a!, 1987), this assumption was brought into question since the 
proposed essential cysteine was replaced by an alanine. This cysteine residue has now 
been shown not to be essential for the function of the enzymes which do contain it 
since replacing it with either serine or alanine, by site-directed mutagenesis in the E. 
coli fumarate reductase, has little effect on activity (Schroder et a!, 1991). Also, as 
other members of the family have been sequenced, it can be seen that this is not really a 
conserved residue as it is replaced by alanine in S. cerevisiae Sdh and by valine and 
leucine respectively in Fcc and Osmip. Therefore it would seem that chemical 
modification of this cysteine merely caused steric hindrance at the active site. However 
this did mean that adjacent residues were probably at the active site and so provided a 
starting point for attempts to identify truly essential residues. 
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3.3.2.3 Conserved Residues 
The conserved residues are not uniformly distributed throughout the sequences. 
Most are found in clusters, one of which contains the active site cysteine and so has 
been implicated as contributing to the active site (EcFR residues 230-252; Fcc residues 
362-385) (Schroder et al, 1991; Vik & Hatefi, 1981). The four other clusters of 
conserved residues have been identified as being involved in the binding of FAD by 
comparison to other FAD-containing enzymes (Wierenga et a!, 1986; Ackrell et a!, 
1992). The most N-terminal of these was discussed by Black (1991) and forms a 1k43 
fold for binding the adenine moiety of FAD. The other three conserved regions are 
towards the C-terminus of the enzyme and involved in forming the top of the AMP 
binding fold (Ackrell ci a!, 1992). 
Seventeen of the conserved residues are glycines which, since they are the 
smallest amino acid, have the highest degree of rotational freedom and so are probably 
concerned with the accurate folding of the protein in regions requiring tight turns. 
3.3.2.4 Identification of Active-site Residues 
Chemical modification studies on E. coil succinate dehydrogenase suggested 
roles for both an essential arginine and an essential histidine in catalysis (Kotlyar & 
Vinogradov, 1984). In the fumarate reductase from E. coil, arg248 and his232 are 
both situated near to the active site cysteine in the primary amino-acid sequence, and 
as such were targetted by Schroder ci ci! (1991) as candidates for site directed 
mutagenesis and chemical modification. 
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Arg248 of E. coil FrdA (arg381 in Fcc) has been shown to be necessary for 
efficient flimarate reductase activity (Schroder ci a!, 1991). It is conserved throughout 
the family and is believed to be involved in either substrate binding or in transition state 
stabilisation (Kotlyar & Vinogradov, 1984; Schröder ci a!, 1991). When arg248 was 
replaced by either histidine or leucine, the levels of both fumarate reductase activity 
and succinate dehydrogenase activity were reduced to less than 1% of their wild-type 
levels. This remaining activity could be eliminated by treating the mutants with the 
arginine-specific reagent diacetyl. These results combined, indicate that arg248 is an 
essential arginine but not the only arginine involved at the active site. Schroder et al 
reported a further eight arginine residues in addition to arg248 which are conserved in 
the other members of the family. However, when the sequence of flavocytochrome c is 
added to the alignments, only one other arginine apart from arg248 (arg381 in Fcc) can 
be seen to be conserved throughout all of the sequences. This is arg544 in Fcc (arg390 
of EcFR) which was one of two conserved arginines noted by Schroder ci alto be 
present in a region of the protein predicted to form part of the flavin binding fold, and 
so likely to be positioned at the active site of the enzyme. Therefore it is probable that 
this is the second arginine responsible for the results observed by Schroder et al. An 
arginine residue is well suited to binding a carboxylate since it forms two charged 
hydrogen bonds and so provides more specific positioning of the substrate within the 
active site. Since the observed result when arg248 was replaced by either a leucine or a 
histidine was a decrease in V,iax  but little effect on the KM,  it is most likely that this 
arginine is involved in binding to the transition state rather than in formation of the 
Michaelis complex. This would imply that the second arginine (arg390 in EcFR; 
arg544 in Fcc) must be involved in the formation of the Michaelis complex. 
His232 in EcFR (his365 in Fcc) has also been modified by site directed 
mutagenesis by Schröder ci a! (1991), being replaced by a serine in the E. coil 
flmarate reductase. This severely affected the enzyme's ability to oxidise succinate 
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(decreasing it by 200 fold compared to the wild type) but only decreased the fumarate 
reductase activity by a factor of 16 for kC.tfKNl.. This suggests that for fumarate 
reduction an alternative source of hydrogen species is available but that this alternative 
is unsatisfactory for the reverse reaction. Both turnover and binding are affected when 
this histidine is modified suggesting a misalignment of the substrate at the active site. 
The authors also used Rose Bengal to chemically modify a histidine residue and 
conclude that this was also his232 in EcFR since the same changes in kinetic 
parameters were observed as for the site directed mutant, and the his232 to serine 
mutant enzyme was insensitive to Rose Bengal. In the succinate dehydrogenase from 
E. coil, DEPC has been used to chemically modify the enzyme under conditions which 
favour the modification of histidines (Vik & Hatefi, 1981) and a single histidine was 
believed to be modified. The authors also showed that succinate oxidation and 
fumarate reduction have opposite pH dependences and propose that this is due to a 
single histidine acting as a general acid/base catalyst in the reactions. (See discussion, 
chapter 4) This may be the equivalent histidine to that studied by Schroder et al since 
in both cases it is accessible to the modifying agents. There are also two other 
histidines conserved throughout all of the sequences. One of these may be involved in 
the pH inactivation of flavocytochrome c (chapter 4). 
There are two conserved aspartate residues (Fcc: aspl97 and asp205), which 
are of interest since a histidine is believed to be the proton donor at the active site. 
Several groups of enzymes have been shown to contain his-asp pairs as proton donors 
rather than a single histidine, including the serine proteases, 2-hydroxyacid 
dehydrogenases and thermolysin (Birktoft & Banaszak, 1982; Fersht & Sperling, 1972; 
Shotton & Watson, 1970). These enzymes all have different catalytic mechanisms and 
it is possible that such a system is present in the family of fumarate reductases and 
succinate dehydrogenases. This ion pairing has been shown to increase the PK a  of the 
histidine to around 7.5 (see chapter 4 for PKa5  for Fcc). This interaction also serves to 
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keep the imidazole ring of the histidine in a fixed orientation, most favourable for 
catalysis to occur. 
3.3.2.5 Possible Mechanisms of Reaction 
One possible mechanism of action for fumarate reduction at the active site was 
proposed by Schroder et a! (199 1) and involves the transfer of a hydride from reduced 
FAD to fumarate to give a carbanion intermediate, followed by addition of a proton 
provided by a histidine (EcFR, his232; Fcc, his365). The main factor against this 
mechanism is that a carbanion intermediate would have three negative charges and so 
its formation would be unfavourable. 
An alternitive mechanism is the transfer of a proton to fUmarate to form a 
carbocation intermediate, followed by hydride transfer from reduced FAD to give 
succinate at the active site. The positive charge on the carbocation intermediate would 
be stabilized by the negative charge on the adjacent caboxylate group and so its 
formation would be more favourable than that of a carbanion. Both mechanisms for 
this reaction are shown (Fig. 3.14). The alternitve to either of these mechanisms is that 
the reaction is a concerted one with no discrete intermediate but with the transfer of 
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3J4: Two posfiblle mechnnisms of f inirte reduction at the active site of 
flavocytochroune c. (a) A hydride is first transfered from FAD to fl'unarate to give 
• carbaaiiflon intermediate, followed by transfer of a proton from a base (probably 
• hisfidine) to give scdnate at the active site. The main factor against this 
mechanism is that it entails an intermediate with three negative charges which 
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(b) A proton is transfered first to give a carbocation intermediate followed by the 
transfer of the hydride from FAD. This seems more likely than a carbanion 
intermediate since the positive charge could be resonance stabilized. The 
alternitive to either mechanism (a) or (b) is that their is concerted transfer of the 








Biochemical and Biophysical Analysis of Flavocytochrome c 
4.1 Introduction 
As stated in chapter 1, flavocytochrome c is a soluble, monomeric fumarate 
reductase found in the periplasmic space of Shewanellaputrefaciens. Each polypeptide 
contains four c-type haems and a single non-covalently bound flavin (FAD). The 
midpoint potentials of the haems were measured and shown to be -220 mV and -320 
mV (Morris et a!, in press). The molecular weight of flavocytochrome c was 
previously reported as 84 kDa (Black, 1991) but this is not consistent with the results 
presented here (see below). 
In this chapter the biophysical and biochemical techniques used to characterize 
flavocytochrome c from Shewaneliaputrefaciens are described. A range of techniques 
was used to study different aspects of both the physical properties and the function of 
the enzyme. 
4.2 Molecular Weight Determination By SDS-PAGE 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate 
proteins on the basis of size. Sodium dodecyl sulphate (SDS) is an anionic detergent 
which denatures proteins and coats them such that the charge to mass ratio is 
essentially the same for different proteins. Electrophoretic migration of the proteins 
through the polyacrylamide gel is then a function of size and not dependent on the 
intrinsic charge on each protein. Size markers, proteins of known molecular weight, 
are used to produce a standard curve from which the molecular weight of the unknown 
protein can be derived. However, it has been observed that other c-type cytochromes 
run anomalously on polyacrylamide gels (Moore & Pettigrew, 1990) and that the 
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apparent molecular weight can be affected by the polyacrylamide concentration in the 
gel. 
From Figure 4.1 it can be seen that the apparent molecular weight of 
flavocytochrome c on a 10 % polyacrylamide resolving gel is approximately 68 ± 2 
kDa, however this protein was reported by both Morris (1987) and Black (1991) to 
have an apparent molecular weight of 84 kDa on either a 7.5 - 15 % gradient gel or on 
a 10 % resolving gel. Neither of these values for apparent molecular weight correlates 
well with the calculated molecular weight of 63.8 kDa from the predicted amino acid 
sequence derived from the cloned gene for flavocytochrome c (chapter 3). 
4.3 Kinetic Analysis 
4.3.1 Introduction 
Steady-state and stopped-flow kinetic methods were used to investigate 
electron transfer in flavocytochrome c for both fumarate reduction and succinate 
oxidation. 
Steady-state kinetic methods can be used to measure the catalytic activity of an 
enzyme under conditions where the concentrations of enzyme-bound intermediates are 
assumed to be produced and degraded at the same rates. However, these methods are 
limited as only the overall rate constant of the catalytic cycle can be deduced. Stopped-
flow methods measure pre-steady state rates during the period in which the 
intermediates build up to their steady-state concentrations. This approach can be used 
to measure microscopic rate constants by looking at a single turnover of the enzyme 
(see appendix for derivations of the equations). 
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Lane 1 	Prestained markers 
2 Purified flavocytochrome c 
Figure 4.1: Iniiuunological detection of flavocytochrorne c after gel 
electrophoresis. Flavocytochrome c was visualized by probing with anti-Fcc 
antibody followed by HRP-conjugated 2nd antibody as described in Materials 
and Methods. The molecular weight markers were pre-stained but do not show 
up well in the photograph. The sizes are given in kilo Daltons (kDa). 
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4.3.2 Steady-state Analysis 
Steady-state kinetic analysis was carried out to measure K M  and keat  values for 
fumarate reduction and succinate oxidation, to study how these are altered with pH, 
and to identify alternative substrates or inhibitors. 
4.3.2.1 Fumarate Reduction and Succinate Oxidation 
The KM  and kcat  values for fumarate reduction and succinate oxidation by 
flavocytochrome c were determined at pH 7.2, 25°C. The Michaelis-Menton and 
Hanes plots are shown for both fumarate reduction (Fig. 4.2) and succinate oxidation 
(Fig. 4.3), and the values of KNI  and k eat  are shown in Table 4.1. Both the KM  and keat 
values are more favourable for fumarate reduction than for succinate oxidation, and 
the overall catalytic efficiency (k catfK ?s,I) for fumarate reduction is 3.4 x 104  times 
higher than for succinate oxidation. This correlates with the essentially unidirectional 
activity of other soluble fumarate reductases but contrasts with the freely reversible 
nature of the membrane bound enzymes (see discussion). 
4.3.2.2 pH Dependence of 
In order to identify any ionizable groups involved in catalysis the value of k cat 
for fumarate reduction was measured over the pH range 5.0 to 9.5 using either 
Tris.HC1 or MIES.NaOH buffers (Fig. 4.4). The dependence on pH gave rise to a 
typical bell-shaped curve from which two PK a  values of 6.8 ± 0.1 and 8.1 ± 0.2 could 
be resolved. The most common residue which ionizes in this range is histidine, and it 
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Figure 4.2: (a) Michaelis-Menton curve of fumarate reduction by 
flavocytochrome c. 2-6 measurements were made at each concentration of 
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[Succinate] mM 
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[Succinate] mM 
Figure 4.3: (a) Michaelis-Menton curve of succinate oxidation by 
flavocytochrome c. 2-4 measurements were made at each concentration of 
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Figure 4.4: Curve showing the pH dependence of fumarate reduction by 
flavocytochrome c measured inTris.HC1 buffer or MES.NaOH buffer at an 











K1  (PM) 
	
21 ± 10 
	
200 ± 60 
kcat (1) 
	
250 ± 50 
	
0.07 ± 0.005 
keat/Kni  (s'M') 
	
1.19 x 10 
	
350 
Table 4.1: Steady state parameters for ti ie reduction of fumarate and the 
oxidation of succinate by flavocytochrome c at pH 7.2, 25°C and an ionic 
strength of 0.5. These values show that flavocytochrome c is essentially a 
unidirectional fumarate reductase. 
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4.3.2.3 Inhibition Studies 
Several compounds were investigated as possible alternative substrates or 
inhibitors of flavocytochrome c. These are listed along with their structures in Figure 
4.5. Although none appeared to act as an alternative substrate to fumarate, mesaconate 
was a competitive inhibitor of fumarate reduction by flavocytochrome c, with a K1 of 1 
p.M (Fig. 4.6). As can be seen in Figure 4.5, mesaconate differs from fumarate only in 
that it has a methyl group in place of one of the hydrogens of fumarate. It is shown to 
be a competitive inhibitor of fumarate reduction since the KM  is affected but not the 
kcat  (See appendix for different types of inhibition), therefore it is an analogue for 
substrate binding. 
4.3.3 Stopped-Flow Kinetic Analysis 
Flavocytochrome c contains four haems and a flavin which are chromophores, 
therefore changes in the absorbance of these groups can be monitored directly using a 
spectrophotometer. However, in flavocytochrome c, when monitoring at a single 
wavelength it is almost impossible to observe changes in the absorbance due to flavin 
because of the masking effect of the absorbance of the four haems, but the changes in 
the oxidation state of the haems can be monitored using stopped-flow 
spectrophotometry. 
Haem oxidation was measured as described (Materials & Methods) by 
monitoring at 552 nm and following the decrease in absorbance as the haems were 
oxidized. The data for each concentration of fumarate fitted to a double exponential 
curve indicating that the reaction was biphasic (Fig. 4.7a), and consisted of a 
fast phase (KM = 6±1 p.M; kcat  = 400±20 1)  and a slow phase (KM = 2.5±1 PM; 
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Figure 4.5: The structures of the compounds that were tested to see if they 
were substrates, or inhibitors of fumarate reduction by flavocytochrome c. 
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Figure 4.6: Inhibition curve showing the rate of reduction of fumarate (20 tM) in 
the presence of a range of mesaconate concentrations. 2 - 5 measurements were 
made at each mesaconate concentration and the average is shown on the graph. 
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Figure 4.7: (a) Example of a stopped flow trace fitted to a double exponential 
indicating biphasic haem oxidation when fumarate is reduced by 
flavocytochrome c. Each phases is half of the total amplitude and so represents 
the oxidation of two of the four haems. (b) Michaelis-Menton curves of 
the fast () and slow () phases of haem reduction. The fast phase is more than 10 
fold faster than the slow phase. 
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absorbance and is therefore presumed to be due to the oxidation of two of the four 
haems (2 electrons). 
4.4 Spectroscopic Analysis 
4.4.1 Introduction 
The presence of four c-type haems in flavocytochrome c makes it very 
amenable to study using a variety of spectroscopic techniques. The results presented 
here are the electronic absorption spectra of the reduced and oxidized states, the MCD 
spectrum, the EPR spectrum collected down to a temperature of 5 K and an NMR 
spectrum from 34 to 10 ppm. The aim of analysing flavocytochrome c by these 
methods was to determine both the spin-state of the haem iron and the nature of the 
sixth ligand to the iron for each of the four haems. 
Haem iron may be either high or low spin and this is influenced by the nature of 
the ligands. The porphyrin ring provides strong-field ligands but is not capable of 
generating the low-spin states of iron except in the presence of strong-field axial 
ligands. In all c-type cytochromes the histidine of the CxxCH motif provides the 5th 
ligand to the iron but several different possibilities exist for the 6th ligand. Those 
identified so far are histidine (class III cytochromes c e.g. cytochrome c3 from 
Desuij'ovibrio desu?fiiricans  [Norway 4]: Haser et al, 1989; Pierrot et al, 1982), 
methionine (class I cytochrornes c e.g. mitochondrial cytochrome c from rice: Ochi et 
al), lysine (cytochromef Rigby et al, 1988; Davis ci al 1988; Simpkin et a!, 1989), or 
the 6th position can be vacant (e.g. cytochromes C': Moore ci al, 1982; Weber ci a!, 
1981). None of the possible weak field ligands (Glu, Asp Tyr and 1-1 20) has been 
observed in c-type cytochromes and so, with the exception of cytochromes c' where 
the 6th ligand is absent and therefore weak, cytochromes c are low spin. 
107 
4.4.2 Electronic Absorption Spectra 
The electronic absorption spectra of cytochromes are used to define the 
various classes of cytochromes. The major division of cytochromes is into types a, b, c 
and d, and is relatively simple since their differing prosthetic groups give rise to 
differences in the wavelengths of the main peaks in the spectra (Table 4.2). There is 
some overlap between the characteristic wavelengths of the peaks for cytochromes b 
and c, but these can always be distinguished by other methods since the haems of 
cytochromes c are covalently attached to the protein, whereas those of cytochromes b 
are not (Moore & Pettigrew, 1990). 
Three types of transition contribute to the peaks of a cytochrome electronic 
absorption spectrum in the visible region. These are t_*itK,  d—d and charge transfer 
transitions. t>itK transitions are intense but d—>d are forbidden and therefore weak. 
Charge transfer bands are less intense than it47tK  bands. 
The Soret and ciJI3 bands, typical of cytochromes, do not correspond to pure 
orbital transitions. They arise from the mixing of two allowed itir  transitions within 
the porphyrin ring. Since these transitions cause electrons to move towards the edges 
of the porphyrin, the less electronegative the metal is, the longer the wavelength of the 
transitions, hence the red-shift of the Soret band upon reduction of the haem iron. This 
is made use of when performing stopped-flow experiments since the haem peaks are 
monitored directly to follow the rate of redox changes as the enzyme turns over. 
Flavocytochrome c has electronic absorption spectra typical of a c-type 
cytochrome with no easily identifiable absorbance due to flavin. This is because of the 
presence of the four haems absorbing strongly in this region (Fig. 4.8; Table 4.3). 
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Band 	? (nm) 	C (M4 cm-1) 
Oxidized 
? (n in) 	E (I'F1 cm') 
a 	552 	30 200 
p 523 15900 
7 	418 	128200 
	
410 	121 600 
6 - 354 27 100 
Figure 4.8: (a) Electronic absorption specta of reduced (-) and oxidized (--) 
flavocytochrome c. (b) Extinction coefficients per haem calculated by Morris 
(1987). 
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Cytochrome type 	 cc-Peak Position (nm) 
a 	 590-600 
b 550560 
C 	 545-555 
d 610-650 
Table 4.2: The ranges of the position of the a-peak of cytochromes which allows 
them to be easily distinguished by their electronic absorption spectra. b- and c-
type cytochromes can be distinguished from each other despite similar peak 
positions since b-type haems can easily be removed since they are non-covalently 












450a 11 300 
a Peak maximum 
b Slope 
Table 4.3: Table of molar extinction cooefficients for the oxidized forms showing 
that for flavocytochrome c compared with that for free FAD. This shows why the 
absorbance due to the flavin is not readily observed in the electronic absorption 
spectrum of flavocytochrome c. 
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4.4.3 Magnetic Circular Dichroisrn (MCD) Spectroscopy 
[With Dr Myles Cheesman and Prof. Andrew Thomson, UEA] 
When a sample is placed in a magnetic field, this causes degenerate energy 
levels to split and many of these absorb left and right circularly polarized light 
differently. There are three types of effect due to the magnetic field, described by the 
A, B and C terms. Both the A and the C term arise from splitting of energy levels but 
the former is due to the splitting of the excited state and the latter to the splitting of the 
ground state. Therefore a single transition in the absence of a magnetic field, which 
would absorb left and right circularly polarised light equally, is replaced by two 
transitions in the presence of a magnetic field, which differentially absorb left and right 
circularly polarized light giving rise to an MCD spectrum. The B term is more complex 
and involves the mixing of energy levels. MCD spectroscopy measures the net MCD 
signal which is the absorption of left circularly polarized light minus that of right 
circularly polarized light. 
MCD spectroscopy of cytochromes can be used to help identify the axial ligand 
to the haeni iron (Cheng et a!, 1973; Stephens el cii, 1976; Rawlings et a!, 1977). 
Intense absorbences in the near infra-red (NIR) region (from 800 nm to 2000 nm) are 
due to charge transfer between the porphyrin (it) and Felil (3d), and the peak position 
(i.e. the energy of the charge transfer) has been shown to correlate to the type of axial 
ligand. This is because the energies of the iron 3d orbitals are affected by the axial 
ligands, and so it is possible to distinguish between common forms of ligation by 
reference to model complexes with defined ligands. The distinction between 
methionine ligands and others is usually quite clear but it is more difficult to 
differentiate between histidine and lysine as axial ligands. The ranges of charge transfer 
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Figure 4.9: MCD spectrum of flavocytochrorne c (a) from 300 - 800 urn (b) from 
800 - 2000 urn. (c) Regions where different axially-ligated cytochromes typically 
have a charge transfer band. The lack of features between 650 and 800 nm 
indicates that the haems are low spin, and the position of the charge transfer 
band for flavocytochrome c indicates bis-his or his-lys coordination. 
De 
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The MCD spectrum of flavocytochrome c is shown in Fig 4.9. The a, 13  and 
Soret bands, which correspond to those in the optical spectrum, can be seen in the 
region 400-600 nm, and confirm that this is a typical c-type, low-spin cytochrome. The 
fifth ligand must be the histidine of the CxxCH binding motif. However, the sixth 
ligand may be one of a number of alternatives, the most common of which are 
histidine, methionine and lysine. On the basis of the charge transfer band at 1510 nm 
(Fig. 4.9), methionine is ruled out as the sixth ligand. Bis-his co-ordination is most 
likely as it is more common than his-lys co-ordination but the latter cannot be ruled out 
especially since there are two lysine residues within the proposed cytochrome domain 
of flavocytochrome c. 
4.4.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 
[With Dr Myles Cheesman and Prof. Andrew Thomson, UEA] 
EPR can detect unpaired electrons by subjecting them to an external magnetic 
field. This causes splitting of electron spin energy levels, and the transitions between 
them are induced by microwave irradiation. The frequency for EPR is calibrated in the 
dimensionless number called the g-factor 
v = gDB 	v = operating frequency of the spectrometer (constant) 
h 13 = electron Bohr magnetron (9.273 x 1023  Tesla) 
h = Planck's constant 
B = magnetic field (Tesla) at relevant point in EPR spectrum 
No EPR signal can be seen for low spin cytochromes in the reduced state since 
they have no unpaired electrons, therefore they must be in the oxidized state to exhibit 
an EPR spectrum. High spin cytochromes, however, have unpaired electrons in both 
the reduced and oxidized states and so give rise to EPR signals in both states. Different 
types of signal are expected for different spin states and conformations. The two most 
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common types of spectra for ferricytochromes are axial high spin and rhombic low 
spin. Axial high-spin systems have g-values of -2 and -6, whereas rhombic low-spin 
systems have three g-values between 1.0 and 3.8. 
For cytochromes the linewidths are very broad, partially due to rapid 
relaxation, therefore most cytochromes must be cooled to liquid nitrogen (77 K) or 
helium (4 K) temperatures before the relaxation rate is slow enough to produce an 
observable signal. Even so, the absorption band is still broad and so spectra are 
generally presented as the derivative. It should be noted that some parameters, such as 
spin state, may be affected by the low temperatures necessary for EPR measurements, 
therefore results should be compared with those from complementary methods such as 
MCD or NMR which can be collected at room temperature. 
In multiple haem cytochromes there is the possibility of haem-haem interactions 
leading to very different g-values e.g. the tetra-haem cytochrome c554 from 
Nitrosonionas europeae which has a pair of interacting g-values of 10.13 and 3.31 
(Andersson el al, 1986). 
EPR spectra of flavocytochrome c were collected down to a temperature of 5 
K as described (Materials and Methods) and are expressed in terms of g-values. 
Signals representing two distinct types of haem can be seen (Fig. 4.10) and spin 
quantitation shows that the two types of haem are present in equal amounts i.e. there 
are two of each type of haem. One pair of haems has g-values of 2.93, 2.28 and 1.51, 
and the other pair has a single g-value of 3.58. Only one g-value can be determined 
since the peaks giving rise to other g-values are masked by the peaks for the other type 
of haem. Both signals are indicative of low spin haems. The rhombic (V/X) and axial ( 
LJX) crystal field-splitting parameters of the t2g  d-subshell have been calculated 
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Figure 4.10: EPR spectra of flavocytochrome c down to 5 K. The g-values are 
indicated on the lower spectrum. g-values of 2.93, 2.29 and 1.51 are for typically 
bis-his coordinated haem and the g-value at 3.58 is for haem, probably bis-his 
coordinated, but in a different environment. Spin quantitation indicates that 
each type of haem accounts for half of the total signal, therefore there are two 
haems of each type per flavocytochrome c. 
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for the haem pair for which all three g-values can be observed, using the formulae of 
Taylor (1977). These are given in Table 4.3 and are typical of bis-his ligation of the 
haem iron (Blumberg & Peisach, 1971). The crystal field-splitting parameters for the 
second pair of haems cannot be calculated by the same method since it requires that at 
least two of the three g-values must be known. However, some observations can be 
made. The line shape of the signal at g = 3.58 is not symmetrical but has quite a sharp 
cut-off on its low-field edge. This has been shown by Salerno (1984) to occur when & 
?. for the haem approaches a limiting value, determined by the ligands, and when VA is 
zero or almost zero. This suggests, therefore that this pair of haems is axial. The 
feature at g = 4.3 is probably due to contaminating non-cytochrome high-spin Felli. 
4.4.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 
The theory behind 'H NJVIIR is that the 'H nuclear spin interacts with an 
external magnetic field in such a way that it has either of two orientations: parallel to 
the applied field or antiparallel to it. Transitions between these two energy levels are 
induced by irradiation with a frequency related to the separation between the energy 
levels i.e. in the radio range. The resonance frequency of an NIV1IR signal is directly 
proportional to the magnetic field applied, so in order to allow comparison of spectra 
obtained with different sized magnets, the frequency scale is represented by chemical 
shift (6). Chemical shift is the result of the magnetic properties of electrons which 
shield the nuclei from the external field, and this varies with the nature of the bond in 
which these electrons are involved. Splitting of signals occurs due to the interaction of 
nuclei through bonds. This is spin-spin coupling and can provide valuable structural 
information. The relative intensities of NMR signals are directly proportional to the 
number of contributing nuclei i.e. for the same number of nuclei the integral area of the 
peaks will be the same. Most CH proton resonances for proteins fall in the range 10-2 
ppm but unpaired electrons cause large chemical shifts. 
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g 	g) 	g 	 A/'a 	Eg1b 
Fcc haem type 1 	2.93 	2.28 	1.51 	1.87 	3.15 	16.06 
Fcc haem type 2 3.58 - - - - - 
Typical Met-His 	 2.02.5c 
Typical His-His 2.53.2c 
a v, rhombic crystal-field parameter; 
A, axial crystal-field parameter; 
, spin-orbital coupling constant. 
b Parameter set defined by Taylor (1977), i = x, y, z. 
Approximate range of the axial field values for the two types of axial coordinations 
in the Truth diagram (Blumberg & Peisach, 1971). 
Table 4.4: Crystal field splitting parameters for flavocytochrome c haems 
calculated from the formulae of Taylor (1977). Also shown are the ranges of A/? 
for different types of axial ligation according to the Truth diagram. 
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This can be seen for haem methyl protons and as a consequence these peaks are often 
well resolved even for a large protein such as fiavocytochrome c. 
The 'H-NMIR spectrum of the low field region for flavocytochrome c is shown 
(Fig. 4.11). From this it can be seen that the methyl protons attached to the porphyrin 
ring have been paramagnetically shifted to the region between 34 and 10 ppm. Each c-
type haem has four methyls on its porphyrin ring and eleven of the peaks can be 
assigned to haem methyls, therefore it is probable that methyls from each of the four 
haems have peaks which can be monitored, and that NM1R can in the future be used to 
distinguish between the four haems. 
4.5 Discussion 
4.5.1 Enzyme activity 
The ratio between the keat/KNI  for fumarate reduction and that for succinate 
oxidation for the different enzymes can be seen in Table 4.1. This shows that whereas 
the membrane-bound enzymes are freely reversible, flavocytochrome c is essentially a 
unidirectional fumarate reductase. 
It may be that this effect is due to the way in which the flavin is attached to the 
enzyme, so that only by having covalently attached FAD is an enzyme capable of 
efficient succinate oxidation. This hypothesis has been studied by site-directed 
mutagenesis of the E. co/i furnarate reductase where His44, the histidine to which the 
FAD is covalently attached in the wild-type enzyme, has been replaced by four 
different alternative residues: serine, arginine, cysteine or tyrosine (Blaut el al, 1989). 
The authors have shown that although the FAD is not covalently attached in any of the 
mutants, it is bound non-covalently by the enzyme in all four cases. For each of 
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Figure 4.11: NMR spectrum of flavocytochrome c from 10 - 35 ppm. Eleven haem methyls can be identified which allow the different 
haems to be distinguished from each other. 
the mutant enzymes except the one with arginine, the fumarate reductase activity of 
this mutant is little affected (a decrease of 3 to 6 fold in turnover) but the succinate 
oxidase activity is drastically affected, falling to less than 2 % of the wild-type level. 
Therefore this appears to bear out the hypothesis that it is the covalent attachment of 
the flavin which allows the oxidation of succinate to take place. One of the reasons for 
this difference is probably due to the redox potential of the flavin. In EcFR the redox 
couple for the covalently bound FAD is -55 mV (Ackrell et a!, 1992) whereas for free 
FAD it is -219 mV (Dawson et a!, 1986). It is probable that the potential of FAD non-
covalently bound to the enzyme lies between these two values, so that it is too 
negative to allow succinate oxidation (Em = +30 mV) but not sufficiently negative to 
prevent its own reduction by menaquinol which has a lower potential (E m = -74 mV). 
If we now consider the competitive inhibitor mesoconate, this compound has 
only an extra methyl group compared to fumarate (Fig. 4.5), but this is sufficiant to 
prevent flavocytochrome c from reducing it. There are several possible reasons which 
may account for this. Mesaconate may bind to the active site normally but the 
substitution of the methyl group for one of the hydrogens may affect the redox couple 
and make the reaction unfavourable thermodynamically. Alternitively, the presence of 
the methyl group may sterically hinder productive binding. Since mesaconate is not 
turned over by flavocytochrome c, the K 1 for mesaconate is equivalent to the KD  (See 
appendix). This value is possibly also more representative of the KD  for fumarate than 
is the KM  for flimarate reduction, since the latter also includes an element related to the 
turnover rate of the enzyme. 
Stopped-flow data show that there are two phases of electron transfer from the 
haems. The kcat  of the fast phase is faster than the kcat  for steady-state flimarate 
reduction and involves the transfer of two electrons (one from each of two haems) to 
the flavin. Therefore a later stage in the electron transfer pathway must be rate 
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limiting. The second phase also consists of the transfer of two electrons but the kcat  for 
this phase is slower than the keat  of steady-state fumarate reduction. This phase is 
therefore kinetically irrelevant. In the steady state assays methyl viologen is used as the 
artificial electron donor to flavocytochrome c but the electrons are not necessarily 
introduced via the physiological route. It is not known, in either the artificial or the 
physiological case, whether electrons are passed to any or all of the four haems and 
then onto the flavin or to the flavin directly. In any case it is unclear why the enzyme 
should need four haems in order to pass two electrons to flavin for the reduction of 
fumarate. 
The identity of the physiological electron donor is unknown at present 
although there is some evidence to suggest that menaquinone is involved in the 
pathway (Myers and Myers, 1993). The authors showed that a mutant of Shewanella 
putrefaciens M1R-1 lacking menaquinone is unable to grow anaerobically with 
fumarate as the sole electron acceptor. The fumarate reductase was shown to be active 
by assaying cell extracts for fumarate dependent benzyl viologen oxidation. This 
would seem to indicate that menaquinone is a requirement in the electron transfer 
pathway to fumarate reductase in S. pzilrefaciens. This raises the question of the 
function of the haem groups in flavocytochrome c since they have midpoint potentials 
of -220 mV and -320 mV (Morris et a! - in press) and so would be unlikely to accept 
electrons from menaquinol (Em = -74 mV). However, there are other examples of 
enzymes containing redox centres which appear to have anomalous midpoint 
potentials. For example, the S-2 iron-sulphur centre of succinate dehydrogenase 
appears to have a midpoint potential of -175 mV when the other two iron sulphur 
centres are reduced (Cammack ci a!, 1984; Condon et a!, 1985) making transfer of an 
electron from either of the other iron-sulphur clusters (S-i: Em = +10 mV, S-3: 
Em = +65 mV) or from ubiquinol (E 1 = +65 mV) unlikely. However it has been 
proposed that interaction between the different iron-sulphur clusters when in the 
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oxidized state alters the redox potential of centre S-2 to a more favourable value 
allowing electron transfer to take place. 
There appears to be no such interaction between the haems of flavocytochrome 
c (see EPR spectroscopy - Section 4.4.3) which could cause a similar effect here, but 
physiologically other factors such as the binding of the electron donor may have an 
effect on the redox potentials of the haems. It may also be possible that the haems are 
not involved in the transfer of electrons to the flavin for reduction of ftimarate but 
participate in a different electron transfer pathway. However, if this is the case it is 
unclear why they should be present on the same polypeptide. 
4.5.2 pH dependence of fumarate reduction 
The variation in the k cat  of fumarate reduction with pH gives a bell-shaped 
curve indicative of the involvement of two ionizing groups in catalysis. The PK a  values 
derived from this curve are PKaS  for the enzyme-substrate complex and not for free 
enzyme because the keat  was studied and not k cat/KM  (see appendix). It is unlikely that 
surface carboxylates or ammonium ions affect the measurement of the P1'Z a values as 
the curve covers the range from pH 5 to p1-I 9.5 where few surface groups titrate, and 
also the assays were carried out at an ionic strength of 0.5 M (see Materials and 
Methods) which would greatly decrease any surface charge effect. The dye used as 
reductant of flavocytochrome c was methyl viologen which has a midpoint potential of 
-446mV and this is independent of pH (Dawson et a/, 1986) so would not affect the 
pH profile. 
As has been mentioned in chapter 3, Vik and Hatefi (981) studied the pH 
dependence of fumarate reduction and succinate dehydrogenation for bovine cardiac 
succinate dehydrogenase. They measured the Viax  of the enzyme and reported a PK a 
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value of 7.0 for the reaction in both directions. It is probable that the pKa  of 7.0 for 
the succinate dehydrogenase-fumarate complex and the PKa  of 8.1 for the 
flavocytochrome c-fumarate complex are both for the equivalent histidine residues in 
each enzyme (111065 in Fcc - see chapter 3 discussion). One reason for the apparently 
higher P'a  for the flavocytochrome c-fumarate complex may be that the specific 
structure at the active sites of the two enzymes is different due to the covalent 
attachment of the flavin in succinate dehydrogenase but not in flavocytochrome c, and 
the associated sequence differences in this area. Also since the enzyme studied by Vik 
& Hatefi is a succinate dehydrogenase rather than a fumarate reductase, this is likely to 
have an effect on the PK a  values. These factors may also be responsible for the 
apparent absence of a second, lower P'<a  in the succinate dehydrogenase data which 
would correspond to the PK a value of 6.8 for flavocytochrome c. 
4.5.3. Spectroscopic Analysis 
In order to characterize the spin state and the nature of the sixth ligand to the 
haem irons of flavocytochrome c, a variety of spectroscopic methods was used. This is 
useful since ambiguities arising from one method may often be resolved using an 
alternative method. For example, EPR must be carried out at low temperatures 
necessitating the use of a glassing agent such as glycerol. Both the low temperature 
and the presence of the glassing agent may alter the parameters which are being 
measured, for example, a decrease in temperature may cause a cytochrome that is 
high-spin under physiological conditions to become low-spin (Moore & Pettigrew, 
1990). Therefore alternitives such as MCD, which can be carried out at room 
temperature, must be used to ensure that the haem is low spin at physiological 
temperatures. 
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4.5.3.1. The Spin State of the Haeni Iron in Flavocytochrorne c 
The haems of flavocytochrome c have been shown to be characteristically low-
spin from EPR, MCD and electronic absorption spectra. The latter two methods were 
both carried out at room temperature and so temperature does not appear to have an 
effect on the spin state in this case. 
4.5.3.2. The Sixth Ligand to the Haem Iron 
As has been stated, many of the properties of a cytochrome depend upon the 
nature of the axial ligands to the iron. In c-type cytpchromes the 5th ligand is always 
histidine but the sixth ligand must be determined from experimental data. From the 
sequence of the cytochrome domain of flavocytochrome c (Chapter 3), it can be seen 
that there are several possibilities for the sixth ligands to the four haems. There are five 
histidines, two methionines and six lysines, so that whilst it would be possible for all of 
the four haems to be either bis-his or his-lys coordinated, only two haems at most 
could be his-met coordinated. 
The presence of a band at 695 nm in the electronic absorption spectrum of the 
ferricytochrome has been considered to be diagnostic of methionine ligation (Pettigrew 
& Moore, 1987; Moore & Pettigrew, 1990) and this is not observed in the spectrum 
of flavocytochrome c (Fig. 4.8). However, this band may be shifted to shorter 
wavelengths and so be obscured by the tail of the a-band (Moore eta!, 1985; Simpkin 
et al, 1989), therefore MCD and EPR were used. From the EPR spectra, two types of 
haem are distinguishable. Two of the four haems have g-values characteristic of bis-his 
coordination, but the other two haems are more unorthodox and may be either his-lys 
as in cytochrome f (Rigby ci cii, 1989; Sirnpkin et cii, 1989), or bis-his where the 
histidines are constrained in some way (Carter ci cii, 1981; Palmer, 1985). The band 
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corresponding to the 695 nm band in the electronic absorption spectrum is easier to 
identify in the MCD spectrum, but from figure 4.9 it can be seen that there is no band 
between 600 and 800 rim, and also that the charge transfer band lies at too high an 
energy for his-met coordination. Therefore it seems that methionine is ruled out as the 
sixth ligand to any of the four haems of flavocytochrome c. 
In summary, therefore it seems that the haems of flavocytochrome c are all low 
spin and that two of the haems are typical of bis-his coordination, whilst the other pair 
are not his-met ligated but maybe either his-lys coordinated or bis-his with the 
histidines constrained such that they are atypical. There do not seem to be any haem-
haem interactions of the nature of those seen, for example, with the haems of 








Flavocytochrome c from Shc'wanella pzitrefaciens is the final step along the 
respiratory chain allowing this organism to grow on fumarate. Its multiple redox 
centres are organized into two domains which appear to have evolved separately 
before becoming combined into a single polypeptide. 
5.1 The Cytochrome Domain 
The cytochrome domain contains the four c-type haems and appears to be 
related to a tetrahaem cytochrome c from the purple phototrophic bacterium H-1-R, 
and also more distantly to the cytochromes c3 from Desulfovibrio species. 
The spectroscopic analysis of flavocytochrome c reported here clearly indicates 
that the haems all have nitrogenous sixth ligands which are probably histidines but in 
the case of two of the haems may possibly be lysine. However, when the sequence 
alignments of the cytochrome domain of Fcc with the tetrahaem cytochrome c from H-
1-R and the cytochromes c 3 are also taken into account, it seems probable that all four 
hams of flavocytochrome c are bis-his coordinated and that the haems have the 
following histidine residues as their sixth ligands: 
Haem 1 His6l 
Haem 2 His8 
Haem 3 His58 
Haem 4 His75 
where the haems are numbered from the N-terminus of the protein. 
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5.2 The Flavin Domain 
This domain is clearly related to the flavin subunits of the other fumarate 
reductases and succinate dehydrogenases, particularly to the gene product of OSM1 
from S. cerevisiae (Melnick & Sherman, 1990) which has been identified as a soluble 
fumarate reductase. The flavin domain contains all the residues so far identified as 
active site residues in other members of the family, and its addition to the alignment 
makes the identification of other active site residues possible. For example, the second 
arginine proposed to be involved in the binding of the substrate at the active site 
(SchrOder et cii, 1991) can be identified since it is the only other arginine conserved 
throughout all of the aligned sequences. 
5.3 Further Work 
In order to increase our understanding of the way flavocytochrome c fits into 
the overall functioning of S. putrefaciens a number of lines of investigation must be 
followed. From a physiological view it is not clear, for a number of reasons, how 
flavocytochrome c allows this organism to grow with fumarate as the sole electron 
acceptor. Since it is a soluble periplasmic protein the method of proton-motive force 
generation is unclear. Reduction of fumarate in the periplasm consumes protons and 
would appear to be collapsing the gradient rather than producing it, however it must 
be that the overall proton translocation of the respiratory chain can produce a proton 
gradient despite this. It has been suggested by Ferguson (1988) that periplasmic 
electron acceptors can be involved in proton translocation by accepting electrons from 
membrane-bound donors.The presence of orf2 downstream from thefcc gene, possibly 
encoding a protein having some similarity to the FrdD subunit of the E. co/i fumarate 
reductase, raised the possibility of this protein being potentially involved in electron 
transfer and generation of a proton motive force. However, recent work carried out by 
Euan Gordon has shown the that/cc and orf2 are not cotranscribed so it is less likely 
that the product of orf2 is involved. 
129 
Recent work by Myers and Myers (1993) has reported that menaquinone is 
involved in the pathway to the fumarate reductase of S pu/refaciens MR1, since a 
mutant lacking menaquinone failed to grow on fumarate. The authors reported that cell 
extracts had fumarate reductase activity and thus the menaquinone mutation had not 
impaired the fumarate reductase. It is not surprising that menaquinone may be part of 
the pathway to fumarate reductase in S. putrefaciens as it is in E. coil. However, as 
discussed in Chapter 4, this raises the problem of the low midpoint potentials of the 
haems of flavocytochrome c compared to that of menaquinone. From the stopped-flow 
experiments reported in this work it seems that the haems do transfer electrons to the 
flavin during fumarate reduction and so there must be some interaction affecting the 
redox potentials making transfer of electrons to the haems more favourable. 
Another area of interest in the study of flavocytochrome c is the transfer of 
electrons between the haems and the flavin and from flavin to fumarate. So far only the 
haems have been monitored during this event since the absorbance due to the four 
haems masks that of the flavin. However it may be possible to follow changes in 
absorbance due to flavin by the use of global analysis. This allows the reaction to be 
followed over a range of wavelengths so that more subtle changes can be observed. 
Work is also underway by Dr Forbes Manson to produce some constructs of 
the fcc gene by site directed mutagenesis and express them in an alternitive host. One 
of these constructs consists soley of the flavin domain of flavocytochrome c and may 
be of use, if it is stable, in the study of transfer of electrons from the flavin to flimarate, 
since there are no haems to mask the absorbance of the flavin. If a suitable expression 
system can be produced this will also allow site-directed mutants of flavocytochrome c 
to be produced in order to study the roles of specific residues. 
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A crystal structure of flavocytochrome c would be of enourmous value in order 
to elucidate the roles of amino-acid residues involved in binding of fumarate, cataysis 
and electron transfer between the prosthetic groups, and would make the rational 
design of site-directed mutants much easier. Some crystal trials have been carried out 
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The Derivation of Steady-state Kinetic Equations 
1. The Michaelis-Menton Equation 
The basic equation of enzyme kinetics is the Michaelis-Menton equation and was 
derived from the following scheme: 
E+SES.!E+P 	 [1] 
where E, S, ES and P are enzyme, substrate, enzyme-substrate complex and product, 
respectively. Catalysis is split into two stages, the first of which is the formation of 
the enzyme-substrate complex, which is held together by physical forces and is in 
equilibrium with the free enzyme and substrate. The second stage involves the 
chemical changes to produce the product, and this occurs with the first order rate 
constant, kcat . 
From scheme 1 
Ks = [El IS] 	 [21 
[ES] 
and 
V = kcatLESI 	 [3] 
where v is the initial rate of reaction. 
Also the concentration of free enzyme [E], and the concentration of total enzyme [E] 0 , 
are related by: 
[E] = [E] 0 - [ES] 	 [4] 
Equation 4 can be substituted into equation 2 to give: 
[ES] = [E1 0[Slkcat 	 [5] 
[S]+K5 
which can then be substituted into equation 3 to give: 
V=[E10[S]kcat 	 [61 
IS] + Ks 
The Michalis-Menton scheme assumes that E + S and ES are in equilibrium, 
therefore K5  = KM  and Vm. = [E]okcat , giving the Michaelis-Menton equation: 
154 
v = [SIVmax 	 [71 
[S] + KM 
2. The Briggs-Haldane Equation 
Briggs-Haldane kinetics extends that of Michaelis-Menton by applying the steady-
state approximation to the concentration of the enzyme-substrate complex [ES], in the 
following scheme: 
E + S 	ES .!E+P 	 [8] 
k.. 1 
therefore, 
k 1 [E][S] - k2[ES] - k, [ES] = 0 	 [9] 
By substituting equation 'V into equation 4: 
[ES] = 	[E] 0 [S] 	 [101 
[S] +(k2 + k..1 )/k1 
and since v = k2 [ES]: 
T= 	[E] 0 [S)k 	 [11] 
[5] + (k2 +k 1)/k 1 
Comparing equations 11 and 6, it can be seen that: 
K 1 =k2 +k.1 	 [121 
k1 
and since the dissociation constant for [ES] is k 1 
k 1 
then 
K11 Ks+k2 	 [131 
Therefore if k2 is much greater than k 1 , the KM  is not a simple dissociation constant, 
but if k.. 1 is much greater than k 2 then KM = Ks ie. the Michaelis-Menton mechanism. 
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3. Competitive Inhibition 
Competitive inhibition is where the substrate [S] and the inhibitor [I], compete for the 
active site, and is represented by the following scheme: 
E S,KM  ES .!E+P 	 [141 
I,K1 
El 
where K1  is the dissociation constant for the reaction between E and I, and KM = K5. 
From scheme 14: 
K1 = FE] [I] 
	
[161, 	[Eli = [El [I] 	1171 
[El] K1 
and 
K 1 = [El IS] 
	
1181, 	[El = [ESIKM 	[191 
[ES] [5] 
and the total enzyme concentration is given by: 
[EJ 0 = [El + [ES] + [Ell 	 [20] 
Substituting equations 17 and 19 into equation 20 gives: 
KM(1 + [I]/K 1) = ([El 0 - [ES])[S] 	 [21] 
[ES] 
and substituing with [ES] = V/kcat, and rearranging for v gives: 
V = 	[El 0 [Slkcat 	 [22] 
[5] + KM(1 + [I]/K1) 
Comparing equation 22 with the Michaelis-Menton equation (6) shows that the 
apparent KM is inceased bya factor of (I + R]/K,), but kcat  is unchanged. 
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Non-competitive Inhibition 
In the case of non-competitive inhibition, the inhibitor does not compete for the active 
site butbinds elsewhere, and so can be represented by: 
E KM  ES —ø- P 	 [23] 
I,K1 ft 
El 	ESI 
If KM = KM' then: 
v = kcat/(1 + [l]/K1) 	 [241 
[S] + KM 
which shows that KM  is unaffected but kcat is decresed by a factor of (1 + [I]/K 1). 
If KM # KM', then both kcat  and KM  are affected and this is termed mixed inhibition. 
Uncompetitive inhibition occurs if I binds to ES but not to E. 	- 
pH Dependence 
In order to use the same set of equations for acids and bases, the ionization of a base 
B, is discussed in terms of its conjugate acid BH. The ionization constant Ka  is 
defined for a base: 
Ka = [B] [H 	 [25] 
[BH] 
or an acid: 
Ka = [A-] [H] 	 [26] 
[AH] 
The PKa is defined by: 
= -1ogK 	 [27] 
Therefore rearranging equations 25 and 27 gives the Henderson-Hasselbaich equation: 




The Henderson-Hasselbaich equation shows that the pK a is the pH at which the 
concentrations of B and BH are equal, ie. half neutralized. 
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Substituting [A] 0 = [HA] + [A-] into equation 26 and rearranging for [HA] or for [A], 
gives the variation in these concentrations with proton concentration: 
IRA] = IA] 0 [Hi 	 [29] 
Ka + [Hi 
Mork 
[A-] = [A]0K. 	 [30] 
Ka + [Hi 
If there is a quantity L, such that the corresponding property of a solution is the 
product of L and the concentration, then the observed value at a particular pH, LH[A]o 
is given by: 
LH[A1O = L[HAJ + LA-[A] 	 [31] 
therefore, 
- 	 LHEAIO = LHA[AJOITh] + LA-[AJ K 	 [32] - 
Ka  + [HJ 	Ka  + [H] 
which simplifies to: 
LH = LflA[H] + LA-Ka 	 [33] 
Ka + [Hi 
For a doubley ionizing system: 
H,A 	HA- + H 	A2- +2H+ 	 [34] 
the equation is: 
- 	 LH = [H] 2LH ,A + [H]KlLHA- + K1 K2L 	[35] 
K1K2 + [H]K1 + [H]2 
when, as is often found for enzymes, the activity depends on two ionizing groups, 
one in the acidic and one in the basic form, then the ratio varies with [}1A1, so in 
equation? LHA = = 0 giving: 
LH = 	[H]K1 LJ - 	 [361 
K1K2 + [1I]K1 + [H12 




12132 	 Reprinted from Biochemistry, 1992, 31. 
Copyright © 1992 by the American Chemical Society and reprinted by permission of the copyright owner. 
Sequence of the Gene Encoding Flavocytochrome c from Shewanella putrefaciens: 
A Tetraheme Flavoenzyme That Is a Soluble Fumarate Reductase Related to the 
Membrane-Bound Enzymes from Other Bacteriat, J 
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ABSTRACT: Flavocytochrome c from the Gram-negative, food-spoiling bacterium Shewanella put refaci ens 
is a soluble, periplasmic fumarate reductase. We have isolated the gene encoding flavocytochrome c and 
determined the complete DNA sequence. The predicted amino acid sequence indicates that flavocytochrome 
c is synthesized with an N-terminal secretory signal sequence of 25 amino acid residues. The mature protein 
contains 571 amino acid residues and consists of an N-terminal cytochrome domain, of about 117 residues, 
with four heme attachment sites typical of c-type cytochromes and a C-terminal flavoprotein domain of 
about 454 residues that is clearly related to the flavoprotein subunits of fumarate reductases and succinate 
dehydrogenases from bacterial and other sources. A second reading frame that may be cotranscribed with 
the flavocytochrome c gene exhibits some similarity with the 1 3-kDa membrane anchor subunit of Escherichia 
coli fumarate reductase. The sequence of the flavoprotein domain demonstrates an even closer relationship 
with the product of the yeast OSM1 gene, mutations in which result in sensitivity to high osmolarity. These 
findings are discussed in relation to the function of flavocytochrome c. 
Shewanella puirefaciens is a Gram-negative, facultative 
aerobe that is commonly associated with food spoilage. Under 
anaerobic conditions several c-type cytochromes are synthe-
sized, the most abundant of which is flavocytochrome c (Morris 
et al., 1990). The protein has been purified and shown to 
catalyze fumarate reduction using artificial electron donors 
such as methyl viologen (Black, 1991). The physiological 
reductant is unknown, but evidence indicates that flavocy-
tochrome c participates in electron transfer from formate to 
fumarate and possibly also to trimethylamine oxide (TMAO). 
Fumarate is a terminal electron acceptor in the anaerobic 
respiratory pathways of many facultative aerobes. The 
fumarate reductase of Escherichia co/i and other bacteria is 
a membrane-bound enzyme with four subunits (Cole et al., 
1982) encoded by the frd operon. The largest of these, encoded 
by frdA, is a 69-kDa flavoprotein which provides the active 
site for fumarate reduction (Cole, 1982). The frdB gene 
product is a 27-kDa iron—sulfur protein. These two subunits 
form a membrane-extrinsic catalytic complex that is associated 
with two smaller polypeptides which serve as membrane 
anchors (Lemire et at., 1982) and are required for electron 
transfer from menaquinol to substrate (Cecchini et al., 1986; 
Weiner et al., 1986; Westenberg et al., 1990). The enzyme 
is structurally and functionally similar to the respiratory 
succinate dehydrogenase, and the interconversion of succinate 
and fumarate is readily reversible in both enzymes. In contrast, 
the soluble fumarate reductase (flavocytochrome c) from S. 
This work was supported by research grants from the Molecular 
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Initiative of the Science and Engineering Research Council, which also 
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putrefaciens is essentially unidirectional (Black, 1991). Sol-
uble fumarate reductases have been identified in yeast (Rossi 
et al., 1964; Muratsubaki & Katsume, 1982; Muratsubaki & 
Katsume, 1985) and the sulfate-reducing bacterium De-
sulfovfbrio multispirans (He et al., 1986); these enzymes are 
also essentially unidirectional. The membrane-bound fuma-
rate reductases and succinate dehydrogenases contain co-
valently bound flavin [8a-(N 3-histidyl)FAD], I (Weiner & 
Dickie, 1979), whereas the soluble fumarate reductases contain 
noncovalently bound FAD. The biochemical evidence raises 
the possibility that S. putrefaciens flavocytochrome c is more 
closely related to the soluble fumarate reductases than to the 
membrane-bound enzymes. We have begun to examine the 
relationships between different fumarate reductases at the 
structural level by determining the sequence of the gene 
encoding flavocytochrome c. Our findings demonstrate a clear 
evolutionary relationship between the soluble and membrane-
bound fumarate reductases, with residues identified at the 
active site of E. coil fumarate reductase (SchrOder et al., 199 1) 
conserved both in other membrane-bound enzymes and in 
flavocytochrome c. 
MATERIALS AND METHODS 
Strains and Vectors. Shewanellaputrefaciens NCMB400 
was used as a source of DNA and protein. E. co/i strains 
MM 294 and TG I were used as hosts for recombinant plasmids. 
The expression vector pEX3 (Stanley & Luzio, 1984) was 
used to construct a library of S. put refaciens genomic DNA 
fragments. Subclones were constructed in pTZI 8R and 
pTZI9R (Rokeach et al., 1988). The plasmid pCI857 directs 
'Abbreviations: FAD, flavin adenine dinucleotide; Fcc, flavocyto-
chrome C; Ecf, Pvf, and Wsf, the flavoprotein subunits of fumarate 
reductase from Escherichia coli. Proteus vulgaris, and Wolinella 
succinogenes, respectively; Ecs. Scs, and Bss. the flavoprotein subunits 
of succinate dehydrogenase from E. coli, Saccharomyces cerevisiae, and 
Bacillus subtilis, respectively. 
© 1992 American Chemical Society 
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FIGURE 2: Physical map of the cloned tlavocytochrome c gene. The 
solid bars in (a) and (b) represent the cloned fragments in pACB1 
and pSPI, respectively. Cleavage sites for the restriction endonu-
cleases EcoRl (R), BglIl (B), and Hindu! (H) are indicated, and 
the distance from the left border is shown in kilobases. (c) The 
major reading frames and their orientations are indicated by the 
arrows: fcc, flavocytochrome C; orf 1, upstream reading frame; orf2, 
downstream reading frame. (d) The arrows indicate the direction 




FIGURE 1: Immunochemical detection of flavocytochrome c after 
gel electrophoresis. Total cell protein (100 Mg)  from S. putrejaci ens 
grown aerobically (lane 1), anaerobically (lane 2), aerobically with 
the addition of fumarate (lane 3), anaerobically with fumarate (lane 
4), or anaerobically with fumarate plus lactate (lane 5) was subjected 
to SDS-PAGE alongside molecular mass markers (lane 6) and 
purified flavocytochrome c (lane 7). After electrophoresis, the gel 
was subjected to Western blotting, and flavocytochrome c was detected 
with a sheep antiserum. The positions and molecular masses, in 
kilodaltons, of the markers (which do not show up well in the 
photograph) are indicated at the right. 
expression of the temperature-sensitive XCI repressor and was 
used to repress unwanted synthesis of proteins encoded by 
recombinant pEX3 (Remaut et al., 1983). 
DNA Isolation. Chromosomal DNA was isolated from a 
100-mL culture of stationary-phase, aerobically grown S. 
putrefaciens essentially as described for the isolation of E. 
coli DNA by Sambrook et al. (1989). Plasmid DNA and 
single-stranded plasmid DNA were isolated from E. coli 
transformants as described (Sambrook et al., 1989; Vieira & 
Messing, 1987). Ml 3K07 was used as helper phage for single-
stranded DNA production. 
Construction of S. putrefaciens DNA Libraries. A library 
of S. putrefaciens chromosomal DNA fragments was con-
structed in the expression vector pEX3. Plasmid DNA was 
cut with BamHI and treated with calf intestinal alkaline 
phosphatase. S. putrefaciens DNA was partially digested 
with Sau3AI and fractionated by centrifugation on 10-40% 
(w/v) sucrose density gradients. Fragments of 0.5-4 kb were 
ligated with vector DNA and used to transform E. coli M M294 
containing pCI857, selecting for resistance to ampicillin and 
kanamycin. A total of 2 X 10 independent transformants 
were obtained. 
A second library was constructed in pTZ1 9R that had been 
cut with BamH I. S. put refaciens DNA was cut to completion 
with BglII, and fragments were ligated with the vector without 
size fractionation. 
DNA Library Screening. The expression library was 
screened using a sheep antiserum directed against purified 
flavocytochrome c. Twenty plates containing ampicillin and 
kanamycin to maintain selection for both pEX3 recombinants 
and pCI857 were each inoculated with 2 X 103 transformants. 
After growth at 30 °C for 20 h, colonies were replica plated 
onto nylon filters (Amersham Hybond-N). The replica filters 
were incubated at 42 °C for 2 h to allow expression of 
recombinant proteins and were then treated as in Sambrook 
et al. (1989) for immunochemical screening. After incubation 
with anti- flavocytochrome c antibodies, the filters were 
thoroughly washed and developed with horseradish peroxidase-
conjugated donkey anti-sheep IgG antibodies. After further 
washing, enzyme activity was visualized using o-dianisidine 
as substrate. 
The BglII fragment library was screened by hybridization 
with the 32P-labeled 1.4-kb insert from pACB1 (see Results 
and Figure 2a). The procedure for colony hybridization and 
fragment labeling by the random-priming method are de-
scribed in Sambrook et al. (1989). 
DNA Sequence Determination. The DNA sequence of the 
entire cloned 3.3-kb BglII fragment was determined on both 
strands using the dideoxy chain termination method (Sanger 
et al., 1977) with the Sequenase (U.S. Biochemical Corp.) T7 
polymerase. Individual clones and subclones were sequenced 
using either the universal reverse sequencing primer or primers 
designed specifically to extend the sequence already deter-
mined. 
Sequence Analysis. DNA sequence information was 
analyzed using the UWGCG (University of Wisconsin 
Genetics Computer Group) programs (Devereux et al., 1984) 
mounted on the SEQNET VAX at Daresbury and on 
ERCVAX at Edinburgh. Exhaustive database searches were 
performed on the Edinburgh distributed array processor using 
the program prosrch (Coulson et al., 1987; Collins et al., 1988). 
Amino Acid Sequencing. The N-terminal sequence of 
purified flavocytochrome c was determined with a Waters 
743 automated, gas-phase sequenator. PTH-amino acid 
derivatives were detected in an on-line analyzer by reverse-
phase HPLC. 
Western Blotting. Proteins were separated by SDS-
polyacrylamide gel electrophoresis and electrophoretically 
transferred to a nylon membrane (Amersham Hybond-N) as 
described previously (Haid & Suissa, 1984). Flavocytochrome 
c was detected using antibodies as described above for DNA 
library screening. 
RESULTS 
Isolation of Flavocytochrome c Coding Sequences from an 
Expression Library. An antiserum raised in sheep against 
purified flavocytochrome c was shown to precipitate fumarate 
reductase activity and flavocytochrome c protein (Black. 1991; 
A. C. Black, S. L. Pealing, S. K. Chapman, F. B. Ward, and 
G. A. Reid, unpublished experiments). Western blotting 
demonstrated that these antibodies specifically recognize 
flavocytochrome c in cell extracts from S. putrefaciens. The 
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agatctgcccaattgtttattaacgccttaccctgcaaggtataagctttagcgtgggttgcatatataggatcagattgcgctaactta 90 
d a w n n i L a k g q L t y a k a h t a y i pdsqat k 
	
cgatccatgttcaccgggctaaccacagcaatcacatcgatatcgctgtcaggatcatgaacatcttttaccaattgttgaaaactcttt 	180 
r d m n v p s v v a i v 	i dsdpdhvdkvtqqfsk 
cgacgtacaataatgcgct tat tggtcagctggccaattctatccatcaactcgatattaaagccttgatcaacgccgttattccgccac 	270 
r r 	ii r k n t L q 	i rdrnLe I n 	g q d v g n n r w 
tctaatggcgctgtttttgaatgtacgccaaagacaatgctgtcttgcgcgagcacaggcatagtgatgatgataagtaataacaataga 360 
e [pat k 	h vg f vi s d q a L v p m t ii ILL L 
gttttcatgccgcgatgttacccattttttccacttgaaactgtgcagcattacccgaattagcaaatcat tat gtacgttttcttatga 450 
t k m 
tgttaactcgatgtgatctatctccacataagctatgcaaaattgcatatacctctttataactatgcatgtttgcatagcgcattttta 540 
ggcttgtgattgagttgtcatttctgccctctattctggttatctggttgttgattgcgcccccttaggcaaagattacattgagcgaaa 630 
ataatagctgatcaactcgatgctaatttggaccg tat ttttaaagtgaagtgaagtcagtttcacttcagcctaactaaaacaataaga 720 
ggcttcta tag ttaatgaataaaccgtcattacg tat agaagggggagcaaaaatgaaaaagatgaatcttgcagtctg tat tgctacat 	810 
M K K M N L A V C I A T L 
taatgggcacagcaggcctaatgggcactgctgttgcggctgataacttagctgaattccatgtacaaaaccaagaatgtgatagctgcc 900 
N G I A G L N 6 1 A V A A D N L A E F H V 0 N 0 E C D S C H 	18 
atacaccagatggtgaactgtcaaacgacagcttaacctatgaaaatacccaatgcg tat cttgccatggcacacttgctgaagtagctg 990 
T P D G E L S N D S I I Y E N I 0-C V S C H 6 1 L A E V A E 	48 
aaaccacaaaacatgaacattataatgctcatgcttctcatttccctggcgaagtagcttgtacctcatgccacagcgcacacgaaaaat 1080 
TI K HE H Y N A HAS H F P GE VA CT SC H S A HE KS 	78 
cgatggtgtattgtgactcttgccacagcttcgatttcaacatgccttatgctaaaaaatggctacgtgacgagccgactattgctgaat 1170 
N V Y C D S C H S F D F N N P Y A K K W L R D E P 1 I A E 1 	108 
tggccaaagacaaatcagaacgtcaggctgctcttgctagcgcacctcacgatactgttgacgtagtggttgtcggttctggcggcgcag 1260 
A K D K S E R a A A L A S A P H D T"V D V V V V G S G G A 6 138 
gtttctcagcggcaatatcagcaacagacagtggtgctaaagtcattcttattgaaaaagagcctgttattggtggtaatgctaagttag 1350 
F S A A I S A T D S G A K V I I I E K E P V I 6 6 N A K I A 	168 
ctgcgggtggcatgaacgctgcttggactgatcaacaaaaagccaaaaaaattactgacagcccagagttaatgttcgaagacaccatga 1440 
A G G N N A A N T D 0 0 K A K K 1 1 0 S P E L N F E 0 1 N K 198 
aaggtggccaaaacataaatgaccctgcattagttaaagtattaagctcacactctaaagactctgttgattggatgaccgctatgggtg 1530 
G G 0 N I N D P A L V K V L S S H S K D S V 0 U N I A N 6 A 228 
ccgatttaactgatgttggcatgatgggtggcgcatctgttaatcgtgcgcatcgtccaaccggtggtgcgggtgttggtgctcatgttg 1620 
D L I 0 V 6 N N G G A S V N R A H R P 1 6 G A G V G A H V V 258 
ttcaagtactttatgataatgcagtgaaacgcaatatcgacttacgcatgaacactcgcggcattgaagtgcttaaaga;gataaaggca 1710 
0 V L Y D N A V K R N 1 0 1 R H N I R G I E V I K D 0 K G 1 288 
ctgttaaaggtattctggttaaggggatgtacaaaggttactactgggtgaaagccgatgcggtaatcttagcaacgggtggtttcgcta 1800 
V K G I I V K 6 H Y K G V V U V K A 0 A V I L A I G 6 F A K 318 
aaaataacgagcgtgtcgcaaagcttgatccttcactaaaaggctttatctct act aaccaacctggtgcagtaggtgatggactggatg 1890 
N H E R V A K 1 0 P 5 I. K 6 F I S I N a P 6 A V G 0 6 1 0 V 348 
tagctgaaaatgcgggtggcgcattgaaagacatgcagtatatccaagctcacccaacactatctgttaaaggtggcgtaatggtcactg 1980 
A E N A G 6 A I K 0 N 0 v i 0 A H P 1 L S V K 6 G V H V T E 378 
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aagcggtacgtggtaatggtgcgattttggttaaccgtgaaggtaagcgtttcgttaacgaaattactactcgtgataaagcatctgccg 2070 
	
A V R G N (3 A I L V N R E G IC ft F V N E 1 1 1 R D K A S A A 	408 
ctatcttagcgcaaaccggtaaatcagct "tat ttgatttttgatgattctgtgcgtaagtcactgtcaaaaattgataagtatattggtt 2160 
I I A Q I G K S A V L I F D D S V R K S L S K I D K V I G L 	438 
taggtgttgcaccaacggcagatagcctagttaaattaggtaaaatggaaggtattgacggcaaagcactgactgaaactgtcgcgcgtt 2250 
(3 V A P 1 A 0 S L V K I G K N E G I D G K A L I E I V A R V 468 
acaacagct tag tgagtagcggtaaagacact gat tttgagcgtccaaacctaccgcgcgcacttaacgaaggtaactactatgcaattg 2340 
N S L V S S G K D I D F E ft P N L P R A L N E (3 N V V A I E 	498 
aagttacacctggtgttcaccacactatgggtggcgtgatgatcgacactaaagctgaagtcatgaatgctaagaagcaggttatccctg 2430 
V I P G V H H I N G (3 V N I D I K A E V N N A cC K 0 V I P (3 	528 
gcttgtatggtgctggtgaggttactggcggtgttcatggtgctaaccgcttaggtggtaatgc tat ttcagacatcatcaccttcggtc 2520 
I V (3 A (3 E V I (3 (3 V H G A N R L (3 G N A I S D I I I F G R 	558 
gcttagcgggtgaagaagctgcaaaatattctaaaaagaactaatcgatttagaattcactgactcgctagtatcagtaagccacagttc 2610 
LAGEEAAKVSKKN 	 571 
attgctgtggctttttttatgcgtcaatatctccatacctatcgaattaacctcaactaggggtagagatgagaatagaattataaagat 	2700 
attaagcttagccattaaccactctcaaacttgtcatttgttttactaacaaggcgaattaacccgtcaatagctggcctattgcaagtc 	2790 
ttctcatgtaaaaaataacgcagttagcaagacaaagggctgtttgcgaggcgtttgt tat ctcgagttctggttaattaatgcataatc 	2880 
gatggcactgaaaattttgcattaactcattagctaatttacaacgctcattcactggctaatttacaaagctatcaaag gat aataatg 	2970 
N 
aaacagtctatagttcacatcgcgctagtggtgaatgattacgatgaagccatcgatttttatgttaataaattgaagtttgatttaatt 	3060 
KQS I V 	I A L V V N D Y D EA ID FVVN K L K FD L  
gaagacacctatcaagcagaacaagacaaacgctgggttgtggtgtcgcctccggggtcaaacggagtctcgttgctgctagcaa gggca 3150 
EDIYQAEQD KR W V V V S P P G S N G V S I I L A R A 
tcaaaaccagagcagcatgattt tat tggtaaccaagccggcggacgggtatttctttttttgaataccgacgatttttggcgcgactat 	3240 
S K P E 	H D F I G 	OAGG RV FL FL NT D OF W 	D  
aaccgcatgcaactcgatgggattaagtttgtgcgtccgcctcaagagcaagactacggcacagtggcagtttttgaagatct 	 3323 
N RMQ LOG 1K F VR PPQEQD V G T VA V FED 
FIGURE 3: DNA sequence of the entire 3.3-kb BglII fragment containing the flavocytochrome c coding region indicated along with the 
translation throughout the reading frame. Two further reading frames are indicated, one of which is found upstream from flavocytochrome 
c and read from the other DNA strand (indicated in lowercase letters). The other has the same polarity as the flavocytochrome c coding 
sequence and extends to the end of the cloned fragment. The nucleotide sequence is numbered from the start of the cloned BgiII fragment, 
and the flavocytochrome c polypeptide sequence is numbered from the start of the mature protein. The N-terminal sequence of the flavocytochrome 
c polypeptide is underlined. The translation of the flavocytochrome c coding sequence is shown from the second of five in-frame ATG codons 
preceding the mature N-terminus (see text for explanation). 
reaction with bands of lower mobility than purified flavocy-
tochrome c was only detected when flavocytochrome c itself 
was expressed and may be due to aggregation with other 
cellular proteins. Expression of flavocytochrome c is clearly 
induced by anaerobiosis and by the presence of fumarate in 
the growth medium (Figure 1). No cross-reaction was 
observed with E. coil fumarate reductase (not shown). This 
antiserum was subsequently used to isolate the flavocyto-
chrome c coding sequence from an S. putrefaciens library 
constructed in the plasmid pEX3 (Stanley & Luzio, 1984). 
This vector is designed to direct the expression of a fusion 
protein consisting of the bulk of E. coil fl-galactosidase  with 
the insert-encoded peptide at its C-terminus. A single clone 
was identified that reacted with anti-flavocytochrome c 
antibodies through two rounds of screening. Proteins isolated 
from this transformant were subjected to Western blotting. 
A single major band was found with an apparent molecular 
mass of 45 kDa (not shown), much smaller than -galac- 
tosidase and thus, apparently, not a fusion protein. The 
recombinant plasmid, pACIB 1, was isolated from this trans-
formant and mapped by restriction enzyme analysis (Figure 
2a). The 1.4-kb insert from pACI31 was subcloned into 
pTZ1 9R and pTZ1 8R, and its DNA sequence was determined. 
No extended open reading frame was found within over 300 
base pairs from the cloning site, but a long reading frame 
extended, with the same polarity as that of the -galactosidase 
coding sequence, for 1.05 kb to the end of the insert. This 
finding explains the absence of a fusion protein in pACI3 1 
transformants, and it can be assumed that translation initiates 
within the cloned fragment. 
Isolation of the Complete Flavocytochrome c Gene. DNA 
sequence analysis (described below) indicated that pACE 1 
contains only part of the flavocytochrome c coding sequence. 
Southern blot analysis of chromosomal DNA indicated that 
the entire coding sequence was contained on a 3.3-kb BglII 
fragment. To isolate the complete gene, we constructed a 
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library of BglII fragments of S.putrefaciens DNA in pTZ1 9R. 
The library was screened with a 32P-labeled probe from the 
insert of pACB 1. Positive clones were purified and shown to 
contain a recombinant plasmid with an insert of the expected 
size and with the restriction sites expected according to the 
map of the partial clone in pACB 1. One recombinant plasmid, 
pSP1, was subjected to restriction mapping (Figure 2b), and 
the DNA sequence of the entire 3323-bp insert was determined 
on both strands using synthetic oligonucleotide primers (Figure 
2d). 
Analysis of the Flavocytochrome c CodingSequence. DNA 
sequencing showed the existence of a long open reading frame 
encoding flavocytochrome c (Figures 2c and 3). The N-ter-
minal amino acid sequence of the purified protein was 
determined as AQNLAEFHVQNQEXD, and this sequence 
is found close to the start of the reading frame. The 
unidentified residue 14 is expected to be one of the cysteines 
that is covalently linked to a heme group and would therefore 
not be released upon peptide bond cleavage during the 
fourteenth cycle of Edman degradation. The c-type cyto-
chromes contain a consensus sequence for heme attachment 
of CxxCH. The two cysteines are linked through thioether 
bonds to vinyl groups of protoheme IX, and the histidine 
provides a ligand to the heme iron. Four CxxCH motifs are 
found in the N-terminal region of tlavocytochrome c in what 
appears to comprise a domain of just over 100 amino acid 
residues. 
The N-terminal alanine codon is preceded by five in-frame 
methionine codons, one of which is presumably the site for 
initiation of translation. We have predicted that one of these 
in particular, 25 codons upstream of the Ala 1 codon, is the 
authentic initiation site because this would give rise to a typical 
bacterial secretory signal sequence (von Heijne, 1986a) with 
two positively charged residues at the extreme N-terminus 
followed by a hydrophobic, uncharged region and a signal 
peptidase cleavage site (von Heijne, 1986b). This predicted 
signal sequence is 25 residues in length and presumably directs 
the localization of flavocytochrome c to the periplasm where 
the mature enzyme is found (Black, 1991). None of the other 
potential initiation codons would result in a recognizable signal 
sequence. 
The cytochrome domain is followed by a sequence (residues 
129-143) typical of a wide range of FAD-containing enzymes 
and believed to interact with the adenine ring of FAD (Wood 
et al., 1984). This sequence is found at the N-terminus in 
many flavoproteins, and in the case of flavocytochrome c it 
marks the N-terminal end of a flavoprotein domain of over 
450 residues. This domain exhibits extensive sequence 
similarity with the flavoprotein subunits of fumarate reductases 
and succinate dehydrogenases (Figure 4) and is clearly a 
member of the same family of proteins. FAD is covalently 
bound to a histidine residue in bovine heart mitochondrial 
succinate dehydrogenase, and the sequence of the flavopeptide 
(Kenney et al., 1972) can readily be aligned with the sequences 
of bacterial succinate dehydrogenase and fumarate reductase 
flavoproteins (Wood et al., 1984). In the membrane-bound 
enzymes with covalently-bound FAD, the modified histidine 
is found in a well-conserved sequence environment some 20 
residues down from the adenine binding motif. No histidine 
is found near the corresponding positions in flavocytochrome 
c (Figure 4). Similarly, no histidine is found at the equivalent 
position in lipoamide dehydrogenase, mercuric reductase, and 
other enzymes with noncovalently bound FAD, nor in Osmi p 
(see below). 
Extensive searching of protein sequence databases revealed 
a close relationship with the product (Osmip) of the Sac-
charomyces cerevisiae OSM1 gene (Melnick & Sherman, 
1990). Mutations in the OSM1 gene result in sensitivity to 
high osmolarity in the external medium, but the biochemical 
function of the protein product has not been identified. 
Melnick and Sherman (1990) suggested on the basis of 
sequence similarity that this polypeptide is a member of the 
G-protein family. This now seems very unlikely since Osm 1 p 
is much more similar to flavocytochrome c than to G-proteins, 
the relationship with the latter being restricted to the 
nucleotide-binding region that is also related to the FAD-
binding region in flavoproteins. The published sequence 
indicates that the OSM1 gene encodes a protein of 301 amino 
acid residues. We have found that one of the other reading 
frames extends the relationship with flavocytochrome c for a 
further 150 residues, and we assume that this is accounted for 
by a sequence error resulting in an apparent frameshift. For 
the purposes of sequence comparison, we have assumed that 
a single C has been omitted from codon 281 but this remains 
to be experimentally verified. This proposed correction would 
restore the sequence QxHPTG that is well-conserved through-
out the frd family, with the histidine in this sequence having 
been identified at the active site in E. coil frdA (Schräder et 
al., 1991). 
The multiple alignment program PILEUP generates a 
dendrogram representing the relatedness of proteins in a 
family. We have used this program to compare the sequences 
of flavocytochrome c, OSM1 protein, and the flavoprotein 
subunits of fumarate reductases and succinate dehydrogenases, 
and the derived dendrogram (Figure 5) demonstrates that 
flavocytochrome c is more closely related to OSM1 (31% 
identity) than to any of the membrane-bound flavoproteins, 
though the relationship with these latter proteins is very clear. 
For example, flavocytochrome c and E. co/i frdA are 26% 
identical. 
The similarity of the flavin domain of flavocytochrome c 
to other flavoproteins indicates that it will fold similarly in 
three dimensions and thus independently of the N-terminal 
cytochrome domain. Similarly, the membrane-bound fuma-
rate reductase and succinate dehydrogenase flavoproteins 
extend about 200 residues beyond the position equivalent to 
the C-terminus of flavocytochrome c. We would therefore 
expect this to fold as a separate domain in these enzymes. The 
domain structure of these different proteins is shown sche-
matically in Figure 6. 
In addition to the flavocytochrome c coding sequence, two 
further reading frames are found within the cloned BgiII 
fragment (Figure 2). One of these has the opposite polarity 
compared with flavocytochrome c and extends for 123 codons 
to one end of the cloned DNA and presumably beyond. We 
have been unable to identify homologues of the presumed 
product of this sequence by database searching. Downstream 
from the flavocytochrome c coding sequence is a reading frame 
of 118 codons that extends to the end of the cloned fragment. 
The predicted protein sequence exhibits some similarity with 
the I 3-kDa subunit of E. coil fumarate reductase (Figure 7) 
with 22% identity over the available sequence. The similarity 
with the 1 3-kDa subunit of Proteus vulgaris fumarate 
reductase and with E. coil succinate dehydrogenase is less 
obvious, but this possible relationship is particularly interesting 
because of the proximity of this coding sequence in the S. 
put refaci ens genome to the flavocytochrome c coding sequence. 
We have not attempted to analyze transcription of the cloned 
region in S. putrefaciens. The upstream sequence must be' 
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Fcc - .ALASAPHD TVDVVWGSG GAGFSAAISA TDS. .GAKVI LIEkEPVIGG NA!(LAAGG4lI AAIITDQQKAK KITDSPELFIF EDTFIKGGONI NDPALVKVLS SHSIDSVDtJ?4 223 
OSifi SM ........ KQPVWIGSG LAGLTTSNRL ISK.YRIPW LLDKAASIGG NSIrASSGIN GAHTDTQQIL KVMDTPELFL KDTFDSAKGR GVPSLNDKLT 
KESKSAIRWL 132 
EcF ......F0TF QADLAIVGAG GAGLRAAIAA AQAJP!!AXIA LISVYPRS HTVAAEGG.S AAVAQDH ... ... DSFEYHF HDTVAGGDUI CEQDVVDYFV 
HHCPTEI4TQL 97 
PvF P4QIF ...... NADIAIIGAG GAGLRAAIAA AEAIPQLEIA LISKVYP4RS HTVAAEGG.S AAVTOAH ... ... DSTDFHF 
NDTVSGGDWL CEQDVVDYFV EHCPTE4TQL 97 
ScS ADGYHIIDH EYDCWIGAG GAGLRAAFGL AEAG..YTA CISLFPTRS HTVAAQGGIN AALGNMHK..... DNWK1HM YDTVKGSDWL GDQOSIHThT 
REAPKSIIEL 144 
EcS . - . .F1KLPVR EFDAWIGAG GAGIARALOI SQSG. .QTCA 11S!(VFPIRS HTVSAQGGIT VALGNTHE..... DNWEWH4 YDTVI(GSDYI GDQDAIEYF4C KTGPEAILEL 89 
UsF 1KVQ ...... YcDSLVIGGG LAGLRAAVAT 00KG. .1ST! VLSL!PVKRS HSAAAQGGNO ASLGNSKMSD G. .DNEDLHF 1DTVKGSD5SG cDQKVAR4FV 
JTAPKA!REL 100 
8sS .........S QSSJIWGGG IAGLFIATIKA AESG1AVK.. 
* 	** 







Fcc ............................ TA F!GADLTDVGN NGGASVNRA. ..... HRPTG GAGVGAHWQ VLYDNAVK.. ..... RNIDI 
R!4NTRGIEVL KDDKGTVKGI 292 
OS!11 a ......... .......... ........ TE FDLKLDILAQ LGGHSVPRT. ..... HRSSG KLPPGFEIVQ ARLSKKIKD! SSKDSNLVOI 
NLEVVDIEI. .DNQGHVTGV 207 
EcF ELWGCPWSRR PDGS ...... .......... ..... VNVRR FGGKIE ... ..... RTWFA AD!CTGFHMLH TIFOTSLQF. ..... POIOR 
FDEHFVLDIL .VDDGHVRGL 171 
PvF ELWGCPWSRK EDGS ...... .......... ..... VUVRR FGGS4KIE ... ..... RTFA ADKTGFHMLH TLFQTSLKY. ..... PQIOR FDEHFVLDII 
.VDEGHARGV 171 
ScS EHYGVPFSRT ENGK ...... .......... ..... IYQRA FGGQTKEYGK GAQAYRTCAV ADRTGHALLH TLYGQALR.. ..... KDTI4F FIEYFAIDLL 
.THNGEVVGV 225 
EcS EH4GL.PFSR1 ODGR ...... .......... ..... !YQRP FGGQSKNFG GEOAARTAAA ADRTGHAIIH TLYQQNLK.. ..... NHTTI FSEUYALDLV 
KNQDGAWGC 170 
WsF AAWGVPWTRI HKGDRMAIIN AQKTTITEED FRHGL!HSRD FGGTKK .... .... WRTCYT ADATGKTMLF AVANECIKI. ....... GVS IQDRKEAIAL 
!HQDGKCYGA 194 
BsS DRMAVFIFNRT PEG ....... .......... .... LLDFRR FGGT ...... 
** 
.. QHHRTAYA GATTGQQLLY 
* 
ALDEQVRRYE VAGLVTKYE. . .GWEFIGAV IDDDRTCRG! 173 
+ + 
Fcc LVKG.cIYKGT YLIVKADAV!1 ATGGFAKNNE RVAKIDPSLI( GFISTNQPGA VGDGLDVAE! AG.GALICD40 YIQAHPTLSV KGGV ...... .4VTEAVRG! 
GAILVNR.EG 392 
0S11 VYD.ENGNR K114KSHHWF CSGGFGYSKE 4LKEYSPJLI HLPTTUGKOT TGDGQKILSK LG.AELID4D OVOVHPTGFI DPNDRENJ%K FIAAEALRGL 
GGILLHPTTG 315 
EcF VANNMMEGTL V0!RANAVVN ATGGAGR ... ......... V YRYNTNGGIV TGDGMG14ALS HGVP.LRD4E FVQYHPTGIP GSGI ...... .IFITEGCRGE GG.ILVNKNG 260 
PvF VA!IIMMEGTK VQIRANAVHI ATGGAGR ... ......... V YRFNTNGGIV TGDGIGIALR HGVP.1RD1E FVQYHPTGLP GSGI ...... .UITEGCRGE 
GG.ILVNKDG 260 
ScS IAYNQEDGII HRFRAHKTII ATGGYGR ... ......... A YFSCTSAHTC TGDGNAI4VSR AGFP.LQDIE FVOFHPSGIY GSGC ...... .LITEGARGE GG.FLVNSEG 
314 
EcS TALCIETGEV VYFKARATVL ATGGAGR ... ......... I YQSTTNAHIN TGDGVG4AIR AGVP.VQDNE !4WQFHPTGIA GAGV ...... .IVTEGCRGE 
GG.YLINKHG 259 
UsF VVRDLVTGDI IAYVAKGTLI ATGGYGR ... ......... I YKNTTNAVVC EGTGTAIALE TGIAQLGNNE AVQFNPTPLF PSG! ...... . LLTEGCRGD GG.ILRRCGW 284 
BsS VAQNLTNMQI ESFRSDAVIM ATGGPGI ... 
** 













Fcc KRFVNEITTR DKASAAILAQ TGKS ... AYL IFDDSVRKSL SKIDKYIGLG VAPTADSLVK LGKNEGIDGK ALTETVARYN SLVSSGKDTD FERPNLPRAL N.....EGNY 494 
OSN1 RRFTNELSTR DTVTNEIQSK CPKNDNRALL VNSDKVYENY TNNINFYNSK NLIKKVSIND LIRQYDLQTT A.SELVTELK SYSDVNTKDT FDRPLIINAF DKDISTESTV 424 
EcF YRYLQDYGMG PETPIGEPKH KYNE ...... .......... ...... LGPR DKVSQAFWHE WRKGNTISTP RGDWYIDLR NLGEKKLHER 1. .PFICELA KAYVGVDPVK 346 
PvF YRYLQDYGLG PETPLGKPEN KYNE ...... .......... ...... LGPR DKVSQAFWHE WRAGRTIKTH RGDVVHLDLR KLGAKKLHER L. .PFICELA KAYVGVDPVN 346 
ScS ERFHERYAPT AKD ....... .......... .......... ...... LACR DVVSRAITME IREGRGV.GK KKDHMYLQLS HLPPEVLKER L. .PGISETA AIFAGVDVTK 388 
EcS ERFNERYAPH AKD ....... .......... .......... ...... LAGR DVVARSIMIE IREGRGCDGP WGPHAKLKLD HLGKEVLESR L. .PGIIELS RTFAHVDPVK 334 
WsF TPIHADYEPE KKE ....... .......... .......... ...... LASR DWSRRMIEH IRKGKGVQSP YGQHLWLDIS ILGRKHIETN 1. .RDVQEIC EYFAGIDPAE 359 
BsS KPWYFLEEKY PAYGN ..... .......... .......... ...... LASR DVVSRRMIEH IRKGKGVQSP YGQHLWLDIS HKDPKELDII( L..GGIIEIY EKFI4GDDPRK 341 
+ 	 + + 
Fcc YAIEVTPGVH HTNGGVMIDT KAEVN ..... NAKKQVIPGL YGAGEVTG.G VHGANRLGGN AISDIITFGR LAGEEAAKYS KKN ....... .......... .......... 571 
OSM1 YVGEVTPWH FTMSGVKINE KSQVIKKN .SETLLSNGI FAAGEVSG.G VHGANRLGGS SFV ....... .......... .......... .......... .......... 483 
EcF EPIPVRPTAH YTMGGIETDQ NCET ...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELWFGR LAGEQATER. AATAGNGNEA A... IEAQAA GVEQRLKDLV 441 
PvF EPIPVRPTAH YTNGGIETNQ RTET ...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELWFGR LAGEEAVRR. AQEATPANAS A ... LDAOTR,DIEDNLKKLH 441 
ScS EPIPIIPTVH YNNGGIPTKIJ NGEALTIDEE TGEDKVIPGL MACGEAACVS VHGANRLGAN SLIDLVVFGR AVAHTVADT. LQPGIPHKPL P ... SDLGKE SI.ANLDKLR 493 
EcS EPIPVIPTCH YMMGGIPTKV TGQALTVNEK .GEDVWPGL FAVGEIACVS VHGANRLGGN SILDLWFGR AAGLHLQES. IAEQGALRDA S ... ESDVEA SL.DRLNRWN 438 
UsF KWAPVLPNQH YSMGGIRTDY RGEA ...... ..... KLKGL FSAGEAACWD I4HGFNRLGGN SVSEAVVAGM IVGEYFAEHC ANTQVDLEIK 7.. .LEKFVK GQEAYMKSLV 455 
BsS LPNKIFPAVH YSNGGLWVDY DQNI ...... ..... NIPGL FAAGECDY.S NHGGNRLERT SLLSAIYGGM VAGPNAVKYV NGLESSAEDM SSSLFDAHVK KEEEKWADIN 439 
* * ** 	 * 	** 	***** 
EcF NQDGGENWAK IRDENGLAME EGCGIYRTPE LMQKTIDKLA ELQERFKRVR ITDISSVFNT DLLYTIEIGH GLNVAECNAH SAMARKESRG AHORLDEGCT ERDDVNFLKH 551 
PvF NQKGSENWAQ IRDENGEAME EGCGIYRTPE IMQKTIDKLT ELKERFKNVE IKDTSSVFNT DLLYKIELGF GLDVAECI4AH SAFNRKESRG AHQRLDEGCT ERDDVNFIKH 551 
ScS NANGSRSTAE IRNNNKQTNQ KDVSVFRTQS SLDEGVRNIT AVEKTFDDVK TTDRSMIWNS DLVETIELQN ILTCASQTAV SAANRKESRG AKARED. .YP NRDDEHWMKH 601 
EcS NNRNGEDPVA IRKALQECMQ HNFSVFREGD AMAKGLEQLK VIRERLKNAR LDDISSEFNT QRVECLELDN LMETAYATAV SANFRTESRG AHSRFD. . FP DRDDENULCH 546 
USE ESKGTEDVFK IKNRNKDVMD DNVGIFRDGP HLEKSVKELE ELYKKSKNVG IKNKRLHANP ELEEAYRVPN MLKVALCVAK GALDRTESRG AHNRED. .YP KRDDINWLNR 563 
SsS IMDGTENAYV LHKELGEUMI ANVTVVRHND KLLKTDDKIQ ELNERFKKIN INDTTKWSNQ GAI4FIRQFSH MLQLARVITL GAYNRNESRG AHYKPD. .YP ERNDDEWLKT 547 
EcF TLAFRDADGT I ......... RIEYSDVKIT TLPPAKRVYG GEADAADKAE AANKKEKANG ......................................602 
PvF ILAFYNPEGA P.........RLEYSDVKIT KSAPAKRVYG GEATAQDK.. . .QNKEKANG ......................................598 
ScS TLSUQKDVAA PVILKYRRVI DHTLDEKECP SVPPTVRAY . .......... .......... .......... .......... .......... ........ 640 
EcS SLYLPESESM T ..... RRSV N. .MEPKLRP AFPPKIRTY . .......... .......... .......... .......... .......... ........ 578 
UsE TLASUPNPEQ IL ..... P11 EYEALDVNEN EIAPRYRGYG AKGNYIENPL SVKRQEEIDK IQSELEAAGK DRHAIQEALI4 PYELPAKYKA RNERLGDK 656 
BsS TMAKHVSPYE AP........EFEYQDVDVS LIIPRKRDYS KKKVAK .... .......... .......... .......... .......... ........ 585 
FIGURE 4: Sequence alignment of the fumarate reductase family. The sequences are labeled as follows: Fcc, flavocytochrome C; OSM 1, the 
yeast Osml protein (Melnick & Sherman, 1990); EcF, E. coli frdA (Cole, 1982); PvF, P. vulgaris frdA (Cole, 1987), ScS, S. cerevisiae sdhA 
(Chapman et al., 1992; Robinson & Lemire, 1992); EcS, E. coli sdhA (Wood et al., 1984); WsF Wolinella succinogenes frdA (Lauterbach 
et al., 1990); and BsS, Bacillus subtilis sdhA (Phillips et al., 1987). The sequences were aligned using the program PILEUP in the University 
of Wisconsin Genetics Computer Group (UWGCG) package. This program first compares all possible pairs of sequences and groups these 
in clusters according to their pairwise sequence similarity. The alignment begins with the most similar sequences which are aligned within 
the cluster, and these are then extended by alignment with further sequences and the other clusters. The FAD-binding region is overlined, 
and the position of the histidine through which FAD is covalently attached to some of these proteins is indicated above by the letter f. Residues 
conserved in all 8 sequences are indicated below the alignment with an asterisk (°), and those residues implicated in the active site are marked 
with a plus (+) above the aligned sequences. The sequence of the OSM 1 protein is identical to that translated from the published DNA sequence 
up to His280 but then continues in the +I reading frame. The signal sequence and cytochrome domain of flavocytochrome c, the extreme 
N-terminus of the OSM 1 protein, and the mitochondrial targeting sequence from yeast succinate dehydrogenase are omitted from the alignment. 
transcribed separately from flavocytochrome c since the two 
reading frames have opposite polarities. The downstream 
sequence is separated from the flavocytochrome c coding 
sequence by 406 nucleotides, and the two may becotranscribed. 
11031 Weill 
We have determined the sequence of the DNA encoding 
flavocytochrome c from Shewanellaputrefaciens. The protein 
is apparently synthesized with an N-terminal signal sequence  
that leads to its localization to the periplasmic space. The 
mature protein is predicted to contain two distinct domains, 
an N-terminal tetraheme cytochrome domain and a larger 
C-terminal flavoprotein domain which is the site of fumarate 
reduction. Flavocytochrome c has been shown biochemically 
to contain at least four c-type heme groups, and the presence 
of four heme-binding consensus sequences is consistent with 
a stoichiometry of four heme groups per polypeptide chain. 
As with other c-type cytochromes, one of the axial ligands is 
12138 Biochemistry, Vol. 31, No. 48, 1992 
	








Os ts 1 
FIGURE 5: Fumarate reductase family tree. The dendrogram shows 
the output of the UWGCG program PILEUP, indicating clusters on 
the basis of sequence similarity. The protein names are as in Figure 
4. The more closely related sequences are joined by branches lower 
down in the figure, for example frdA from E. colt and P. vulgaris. 
The diagram shows that flavocytochrome c and Osm 1 p  are more 
closely related to one another than they are to the other members of 
the family. 
signal 	cytochrome 	 FAD domain 	 C-terminal 
sequence 	domain domain 
13 HEMENNOWN 
Osmip 
FIGURE 6: Domain structure of flavocytochrome c and its relatives. 
Flavocytochrome c, Osmip, and the flavoprotein subunits of mem-
brane-bound fumarate reductases and succinate dehydrogenases share 
extensive sequence similarity over a region of about 450 amino acid 
residues. This is inferred to form a structurally and functionally 
distinct domain in each protein. Flavocytochrome c contains an 
N-terminal cytochrome domain not found in other members of the 
family, and the membrane-bound proteins contain an additional 
C-terminal domain of unknown function. 
ORF2 MKQSIVHIAL VVNDYDEAID FYVNKLKFDL IEDTYQAEQD KRWVVVSPPG 
PrdD .......... MINPNPKRSD.. .EPVFWGL FGAG ..... 0 MWSAIIAPVM 
Con- ---------- -- N ------ D --------- L ----------------- 
OFtF2 SNGVSLLLAR ASKP ...... EQNDFIGNQA CGRVFLFLNT D.DFWRDYNR 
FrdD ILLVGILLPL GLFPGDALSY ERVLAFAQSF IGRVFLFLMI VLPLWCGLHR 
Cone ---V--LL-- ---P ------ E --------- -GRVFLFL-- ---- W ---- R 
0RP2 MQ. . LDGIKF VRPPQEQDYG TVAVFED ... ....... 
FrdD MHMAMHDLKI HVPAGKWVFY GLAAILTVV'r LIGVVTI 
Cone H-------K- --P ------- -- A ------- ------- 
FIGURE 7: Alignment of the predicted protein sequence 3' to the 
flavocytochrome c coding sequence (ORF2) with the 1 3-kDa subunit 
of E. coli fumarate reductase (FrdD). The sequences were aligned 
using the UWGCG program GAP. The consensus (Cons) where 
both sequences are identical is also shown. 
provided by a histidine residue immediately adjacent to the 
heme attachment site. Spectroscopic studies, particularly 
electron paramagnetic resonance, indicate that flavocyto-
chrome c contains two very different pairs of hemes. Similarly 
redox potentiometry indicates that two hemes have a midpoint 
potential of –204 mV, whereas the other pair titrates at –320 
mV (Morris, 1987). The differences between the two pairs 
of hemes could be due to different protein environments or to 
differences in the coordination of the heme iron. Magnetic 
circular dichroism indicates that the sixth ligand in each case 
is most likely also histidine and is clearly not methionine as 
in some c-type cytochromes (our unpublished results). The 
cytochrome domain contains 10 histidine residues in all, more 
than the eight required for bishistidine ligation of the four 
hemes. Two lysine residues are found within the cytochrome 
domain and it is possible, but perhaps less likely, that two of 
the hemes are His–Lys coordinated. 
The association of four heme groups with a relatively small 
protein is not unprecedented. Cytochrome c3 from De-
sulfovibrio contains four c-type hemes in a polypeptide of a 
little over 100 amino acid residues (Ambler et al., 1971). 
Apart from the similarity of the heme attachment sites, there 
is no obvious relationship between the sequences of the 
cytochrome domain of flavocytochrome c and cytochrome c3. 
As in flavocytochrome c (Morris, 1987; A. C. Black, S. L. 
Pealing, S. K. Chapman, F. B. Ward, and G. A. Reid, 
unpublished experiments), the heme groups of cytochrome c 3 
have very low midpoint redox potentials (Pettigrew & Moore, 
1987) but the latter is involved in sulfur metabolism and thus 
not apparently functionally related to the former. In neither 
case is it clear why four heme redox centers should be required 
for two electron transfer reactions—reduction of flavin in the 
case of flavocytochrome c and sulfur reduction in cytochrome 
C3. The cytochrome domain of flavocytochrome c shows no 
sequence similarity to other known tetraheme cytochromes, 
including the cytochromes c found in the photosynthetic 
reaction centers of Rhodopseudomonas viridis (Weyer et al., 
1987), nor to that found in association with nitrite reductase 
(cytochrome cdi ) from Pseudomonas stutzeri (Jungst et al., 
1991), nor to that found in Chromatium vinosum (Dolata et 
al., 1992), encoded adjacent to a flavocytochrome c gene. 
Flavocytochromes c have been isolated from several other 
bacterial sources (Cusanovich et al., 1991). Flavocytochrome 
c from Pseudomonas putida is a p-cresol methylhydroxylase 
composed of a22  tetramers with covalently-bound FAD in 
the larger a subunits and a single heme in the # subunit 
(Mathews et al., 1991). The prosthetic groups of flavocy-
tochrome c from Chromatium vinosum are also contained in 
separate subunits, but in this case the heme subunit contains 
two covalently-bound heme groups (Cusanovich et al., 1991; 
Dolata et al., 1992). The flavocytochrome c from Chiorobium 
rhiosulfatophilum is, like the Chromatium enzyme, involved 
in sulfur metabolism but contains a monoheme cytochrome 
subunit. Sequence analysis reveals no significant similarity 
of any of the heme or flavoprotein subunits of these other 
flavocytochromes c to the Shewanella fumarate reductase. 
The flavoprotein domain of flavocytochrome c is structurally 
and functionally related to the flavoprotein subunits of several 
fumarate reductases and succinate dehydrogenases. The 
enzymes from this family that have thus far been sequenced, 
other than flavocytochrome c, are all membrane-bound and 
consist of four distinct subunits. Membrane binding is 
apparently mediated by the two small subunits (Lemire et al., 
1982), and overexpression of the E. coli frd operon can lead 
to apparent saturation of membrane sites with the excess 
enzyme accumulating in novel tubular lipid–protein structures 
(Weiner et al., 1984; Elmes et al., 1986). Flavocytochrome 
c behaves as a soluble, periplasmic protein, but the finding of 
a sequence encoding an apparent relative of one of the small 
membrane anchor subunits from E. coli fumarate reductase 
immediately adjacent to the flavocytochrome c coding sequence 
is intriguing. The S. purrefaciens sequence is less hydrophobic 
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than the E. coil polypeptide, and it may not function in precisely 
the same way. The 1 3-kDa and 1 5-kDa subunits of E. coil 
fumarate reductase, in addition to their membrane-binding 
function, are required for electron transfer from the physi-
ological reductant menaquinol since mutations in the frdC 
and frdD genes lead to a loss of quinol oxidation (Cecchini 
et al., 1986; Weiner et al., 1986; Westenberg et al., 1990). 
By comparing the sequence of flavocytochrome c with those 
of its membrane-bound relatives, we have inferred that the 
latter proteins consist of a large flavoprotein domain and a 
smaller C-terminal domain (Figure 6). The function of this 
C-terminal domain is unknown, but its absence from the single-
subunit, soluble fumarate reductase, flavocytochrome c, clearly 
indicates that it is not required for fumarate reduction per se 
but may be involved in intersubunit interactions or perhaps 
in interactions with electron donors. The product of the E. 
coii nadB gene is an aspartate oxidase required for the synthesis 
of quinolinate, a precursor for nicotinamide nucleotide 
biosynthesis (Flachmann et al., 1988; Seifert et al., 1990). 
This protein is closely related to the fumarate reductases, 
with all the active site residues identified to date being 
conserved. Interestingly, the similarity extends also to the 
C-terminal domain. Aspartate oxidase is a component of a 
soluble quinolinate synthase complex, along with the nadA 
gene product; therefore its interactions with other polypeptides 
are very different from those of the membrane-bound fumarate 
reductases. 
The sequence similarity between flavocytochrome c and 
the S. cerevisiae OSMI gene product was unexpected and 
may give some clues to the function of Osmlp in yeast. 
Mutations in the OSM1 gene result in osmotic sensitivity, but 
this is not necessarily a direct effect of the lesion in Osm 1 p. 
Osmoregulation is a complex process, and mutations in several 
genes affecting a wide range of metabolic processes result in 
an osmosensitive phenotype in yeast. Our sequence com-
parisons indicate a probable error in the published OSM1 
DNA sequence such that the reading frame is considerably 
longer than originally predicted. We have inferred a specific 
correction on the grounds that extensive sequence similarity 
is found both before and after the assumed frame-shift, and 
the precise modification restores a well-conserved sequence 
around the active site histidine. The similarity with flavo-
cytochrome c extends along the full length of Osmip except 
for the putative N-terminal signal sequence (Melnick & 
Sherman, 1990). The degree of similarity of Osmip with 
flavocytochrome c and other members of the fumarate 
reductase family leads us to suggest that Osm 1 p  may be a 
fumarate reductase and may correspond to a soluble enzyme 
characterized previously (Muratsubaki & Katsume, 1985). 
This enzyme has a molecular mass of 58 kDa, as estimated 
by SDS—PAGE (Muratsubaki & Katsume, 1982), compared 
with 53 kDa calculated for the corrected sequence of Osm 1 p. 
The fumarate reductase activity in yeast is cytosolic, but 
Osmip has been predicted to enter the secretory pathway 
because of a putative signal sequence at the N-terminus 
(Melnick & Sherman, 1990). This sequence does not, 
however, conform well to the criteria noted by von Heijne 
(1985) for signal sequences, and it seems likely that it is not 
a functional targeting sequence. Osm 1 p  is therefore likely to 
be a cytosolic protein. 
Arg248 of E. coil frdA has been shown by site-directed 
mutagenesis to be required for efficient fumarate reductase 
activity (SchrOder et al., 1991). This residue is conserved in 
all known members of the family (Figure 4) and has been 
predicted to be involved in substrate binding (Kotlyar & 
Vinogradov, 1984; SchrOder et al., 1991). Its conservation in 
flavocytochrome c and Osm ip, which were not previously 
known to be associated with this family of proteins, reinforces 
the importance of this residue. Schroder et al. (1991) 
suggested that a second arginine might be involved in binding 
substrate. The arginine guanidinium group not only is 
particularly well suited to electrostatic interaction with a 
substrate carboxylate but also is capable of hydrogen bonding, 
thereby orientating substrate within the active site. We have 
found that, apart from Arg38 1 in flavocytochrome c (Arg248 
in E. coil frdA), only one other arginine residue is conserved 
throughout the family and this is found at position 544 in 
flavocytochrome c and 390 in frdA (Figure 4). 
Similarly, a histidine residue has been implicated in 
succinate dehydrogenase activity and proposed to act as a 
proton donor/acceptor (Vinogradov, 1986). His232 of E. 
coil fumarate reductase has been substituted by serine with 
the result that enzyme activity is reduced by 75% in the 
direction of fumarate reduction but the rate of succinate 
dehydrogenation is lowered to 1.6% compared with that of 
the wild-type enzyme (SchrOder et al., 1991). This histidine 
is apparently modified by the inhibitor, Rose Bengal, since 
the His232Ser mutant enzyme was insensitive to Rose Bengal. 
The data are consistent with a role for this residue as an active 
site base, though the retention of 25% of the wild-type fumarate 
reductase activity would indicate that an alternative proton 
donor/acceptor can functionally replace His232. This his-
tidine is conserved in all members of the family and is most 
likely to act as a proton donor to fumarate. 
The finding of an apparent relative of one of the smaller 
subunits of E. coil fumarate reductase associated genetically 
with flavocytochrome c raises intriguing questions relating to 
the interaction of flavocytochrome c with other proteins. The 
E. coil fumarate reductase is reduced by menaquinol, but the 
nature of the reductant of flavocytochrome c has yet to be 
determined. Flavocytochrome c is isolated as a soluble, 
monomeric, periplasmic protein. Its interaction with other 
proteins may, however, depend upon ionic conditions such 
that dissociation is favored when the protein is isolated. The 
possible existence of other genetically linked proteins that 
might also interact with flavocytochrome c cannot be confirmed 
without extending the sequence determination. 
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